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Abstract
With the rapid development of portable electronic devices, increasing interest is
being aroused in flexible energy storage units with high energy and power density. The
electrodes used in such energy systems should combine superior electrochemical
properties with high mechanical flexibility. Graphene based free-standing thin films or
papers are promising binder-free flexible electrodes. The main drawback of graphene
paper electrode is the deterioration of electrochemical performance caused by the
restacking of graphene sheets during the fabrication process. Fabricating 3D structured
graphene macro-assemblies can address this issue, but compromise mechanical strength
and low areal capacitance.
This thesis considers the development of non-stacked graphene paper with good
flexibility, in which the graphene sheets are highly separated. The flexible porous
structured graphene paper was prepared from graphene cryogel, which was formed by
freeze-drying a solution containing chemically reduced graphene and graphene oxide
(CRG/GO). At a current density of 2000 mA g-1, it exhibited a discharge capacity
higher than 400 mAh g-1, in sharp contrast to that 229 mAh g-1 at 50 mA g-1 delivered
by conventional graphene papers. The CRG/GO ratio in the precursor solution
determined the mechanical properties of this cryogel paper. It can achieve a Young’s
modulus nearly 9 times greater than an equivalent paper made from pure GO when the
CRG/GO mass ratio was 2:1.
With an improved strategy, by directly freeze-drying graphene wet gel obtained
from filtration, graphene paper with continuous pores was prepared without mechanical
pressing. This porous graphene (PG) paper showed high discharge capacity and
excellent rate capability in lithium ion batteries. The discharge capacity can reach 420
1

mAh g-1 at a current density of 2000 mA g-1. A flexible all-solid-state supercapacitor
based on such PG papers exhibited a specific capacitance of 137 F g-1 at 1 A g-1.
Due to low areal loading mass, graphene paper with porous structure delivers a
low areal capacitance. We developed a free-standing chemically reduced graphene
(CRG)-polypyrrole (PPy) hybrid paper with enhanced areal capacitance, via
electropolymerization of pyrrole on a paper-like graphene gel. A high areal mass
loading of 2.7 mg cm-2 can be obtained. It afforded a greatly enhanced areal capacitance
of 440 mF cm-2 at 0.5 A g-1, in sharp contrast to that 186 mF cm-2 from flexible
graphene paper. It is also much higher than the previously reported 151~198.5 mF cm-2
for flexible polypyrrole-graphene papers/films.
The most frequently used graphene preparation approach, exfoliation of graphite
oxide, involves a time-consuming procedure and the resultant defected graphene
structure. As an alternative, graphene obtained via surfactant assisted liquid phase
exfoliation from expanded graphite produces less defects in the graphene and avoids
involving complicated post-treatment. In this work, graphene obtained from direct
exfoliation of expanded graphite was used to fabricate flexible film electrodes
incorporated with polypyrrole fibre (PPyF). PPy fibre was synthesized in the presence
of the surfactant that served as dopant and template. Such composite film delivered a
capacitance of up to 161 F g-1 at 0.5 A g-1, and 80 % of this value can be retained even
at a higher current density of 8 A g-1.
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1 Introduction
1.1

Overview of Flexible Energy Storage
Flexible electronic devices are devices that are bendable and deformable without a

dramatic decrease in their performances. With the increasing demand of wearable
sensors, flexible displays and implantable diagnostic devices, the research for flexible
electronics has developed rapidly [1-4]. There have already been some commercially
available or prototype flexible electronics such as e-ink screen, bendable smartphone
and “smart polo shirt” (Figure 1.1). The development of rechargeable batteries or
supercapacitors focuses on maximizing the charge storage and cycle stability. Those
used to drive flexible electronics need to meet the requirements of flexibility, light
weight, and high performance as well.

Figure 1.1 Some commercially available or prototype flexible electronics: (A) LG
bendable smartphone [5]; (B) Plastic Logic’s flexible AMOLED display [6]; (C) Ralph
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Lauren’s “smart polo shirt” [7]; (D) PowerFilm Solar Rollable Solar Panels [8], and (E)
LG e-ink flexible display [9].

Commonly used flexible energy storage devices include flexible lithium-ion
batteries (LIBs) and supercapacitors (SCs). They can be assembled into flat type or fibre
type for use (Figure 1.2). They all consist of three main components: electrodes,
electrolyte and separator. Fibre batteries contain the same essential elements, yet are
coaxially assembled. The wire-shaped designs make it easily to be integrated with or
even woven into textiles. For flat type configuration, two flexible electrodes are
separated by either separator or flexible electrolyte, and then packaged into soft
materials [10]. The work in this thesis focuses on the latter type. The commonly used
electrolytes for flexible energy storage devices are polymer-based solid state
electrolytes, which consist of ionic conductor and high-molecular-weight polymer
matrix. They can serve as separator as well, and permit the realization of flexible,
compact solid-state energy storage devices.
To develop flexible energy storage, the key challenge is to design and develop
flexible electrodes. Recently, tremendous research has been dedicated to the
development of electrodes with not only large capacity/capacitance, high energy and
power density, long cycle stability, but also good mechanical properties. These
electrodes are required to retain their function during a small deformation.
There are two common strategies to develop flexible electrodes for flat type
energy devices. One approach is to prepare electrodes with flexible mechanical support
(substrate). Materials that can combine the properties of mechanical flexibility and
electrochemical activity together are quite limited. Most active materials used in energy
storage are in the form of powders. They are combined with polymer binders to be stuck
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on the substrates for use. Researchers have attempted to address this issue by using
flexible substrates. They can be obtained by integrating conventional active materials
with flexible supports such as carbon-based papers, polymers, fabrics or even thin metal
foils. Facile fabrication techniques include printing [11], coating [12], deposition [13] or
spraying [14]. The use of flexible supports allows a wide variety of materials to be
selected. However, this type of flexible electrodes has some disadvantages: dead
volume, dead weight from the substrate, and the detachment between the materials and
substrate caused by the deformation.

Figure 1.2 Schematic of a flat type (A), and fibre type (B) flexible power source [15].

An alternative approach is to fabricate intrinsically flexible electrodes that mainly
focuses on carbon-based or conducting polymer-based materials. Owing to their high
electrochemical activity, high mechanical flexibility, and ease of process, carbon-based
materials are the most used materials for free-standing electrodes. They mainly include
carbon nanotube (CNT) or graphene based materials. They can be fabricated simply
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using the techniques of vacuum filtration, gelation or wet spinning from well-dispersed
solutions [16].
Graphite is commercially used in LIBs as an anode material, and activated carbon
is used in commercial SCs. Recent emerging nanocarbon material, graphene, has been
considered as an alternative due to its fascinating physical and electronic properties
derived from its unique nanostructures. The use of wet chemical method in graphene
preparation allows mass production for large scale applications. The excellent
mechanical properties of graphene single sheets and the strong intersheets interaction
make it feasible to fabricate highly flexible free-standing graphene macro-assemblies
electrodes.
Conducting polymers are another important materials family for use as freestanding electrodes due to their large theoretical capacitance/capacity, good
conductivity, and facile synthesis [17-19]. Furthermore, the combination of conducting
polymer and graphene materials in making flexible electrodes could take advantage of
the large capacitance/capacity from conducting polymers, and high stability and
flexibility from graphene. A synergistic effect can be derived resulting in improved
electrochemical performances and enhanced mechanical properties.

1.2

Brief Introduction of Lithium-ion Batteries and Supercapacitors
Flexible LIBs/SCs have the same operating principle and evaluation methods as

the conventional types. A brief introduction of common lithium-ion batteries and
supercapacitors is given in this section. It includes their working principle, evaluation
methods and the electrode materials selection.
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1.2.1 Lithium-ion batteries and supercapacitors
1.2.1.1 Lithium-ion batteries (LIBs)
A battery is an energy storage device that can convert chemical energy into
electrical energy through electrochemical reduction-oxidation (redox) reaction.
Depending on their capability of being recharged, batteries can be classified as primary
(non-rechargeable) or secondary (rechargeable) type.

When an external current is

applied, a secondary battery can be recharged, following the reversed electrochemical
reaction occurred during discharge. The earliest secondary battery, lead-acid battery,
was invented in 1859. The lead-acid battery with improved performance is still widely
used in vehicles currently. Other types of rechargeable batteries such as silver-zinc,
nickel-metal hydride, nickel-cadmium have been introduced into commercial use since
the mid-20th century.
Lithium-ion batteries, with high energy density (100-265 Wh kg-1) and long
cycle life (>1000 cycles), are the predominant rechargeable batteries used in consumer
electronics at present, since it was commercially released by Sony in 1991. A LIB
contains a positive electrode (cathode), a negative electrode (anode), a porous
membrane separating the electrodes, and electrolyte (Figure 1.3). The commonly used
anode materials are carbonaceous materials on a copper current collector, and the
cathode materials are lithium metal oxides (i.e. LiCoO2, LiNiO2, LiMn2O4, LiFePO4,
etc.) on an aluminium foil. The electrolyte is typically a lithium salt (i.e. LiPF6, LiBF4,
LiClO4, etc.) in organic solvents such as mixtures of organic carbonates, ethers or
acetates. Thin microporous polyethylene or polypropylene films are used as the
separator to isolate the cathode and anode.
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Figure 1.3 Schematic illustration of a LIB cell [20].

In LIBs, both the cathode and anode follow a lithium insertion (intercalation)
mechanism; the lithium cations are inserted (defined as intercalation) and de-inserted
(de-intercalation) during the charge/discharge process. The electrode materials, lithium
metal oxide (cathode) or graphite (anode), can act as hosts to reversibly accommodate
lithium ions, forming “sandwich” like structures [21]. The following half- reaction
occurs on the cathode:
(1.1)
while on the anode, the half-reaction is:
(1.2)
where C represents carbon material and M indicates a metal.
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While discharging, lithium ions are de-intercalated from the anode materials and
inserted into the sites in the cathode materials, providing current to the external circuit.
In the charging process, the external power sources force the current to pass from the
cathode to the anode. Lithium ions then migrate to the anode and become embedded
between layers of carbonaceous materials, which is known as intercalation.
1.2.1.2 Supercapacitors (SCs)
A capacitor is an electrical device to store energy temporarily. It contains two
terminals connected to metal plates separated by a non-conductive substance
(dielectric). Capacitors store the electrical energy statically by charge separation in the
dielectric layer between parallel-plate electrodes when an external potential is applied.
The charges will then rearrange to produce current when connected to an external load.
Supercapacitors (SCs), also named as ultracapacitor or electrochemical
capacitors, are believed to be promising candidates to meet ever increasing demands of
low-cost, sustainable and high performance energy storage systems. Similar to
conventional capacitors, supercapacitors store energy by means of a charge separation
between two oppositely charged electrodes, but with much larger capacitance. The
energy density of a supercapacitor is 10 to 100 times higher, compared to that of
conventional electrolytic capacitor. With high power density (>10 kW kg-1) and long
cycle life (>10,000) [22], a supercapacitor has much faster charge/discharge rate and
longer service life than that of rechargeable batteries.
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Figure 1.4 Schematic illustration of a supercapacitor [23].

A supercapacitor consists of two porous electrodes, an ion-permeable membrane
separator and an electrolyte (Figure 1.4). Energy in a supercapacitor is stored via two
different

mechanisms:

electrical

double

layer

capacitance

(EDLC)

and

pseudocapacitance. The EDLC originates from the accumulation of electrostatically
charged layers at the electrolyte/electrode interface. It is influenced strongly by the
surface area of the electrode materials. The EDL capacitance C (unit, F) can be
calculated by the following Equation 1.3 [22]:
𝐶=

𝐴𝜀𝑟 𝜀0
𝑑

(1.3)

Where εr) is the relative dielectric constant, ε0 (F m-1) is the relative dielectric constant
in vacuum, A (m2 g-1) is the specific area of the electrode, and d (m) is the effective
thickness of the electrical double layer.
The pseudocapacitance originates from the reversible, fast redox reactions that
occur at or near the electrode-electrolyte interface. In a pseudocapacitor, non-Faradic
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double layer charge accumulation and surface faradic processes occur simultaneously.
A pseudocapacitor hence may combine the features of a supercapacitor and a battery.
Commonly used pseudocapacitance materials include conducting polymers, transition
metal oxides, heteroatoms (O, N, S, P, etc.) doped carbon materials [23].
1.2.1.3 Comparison between LIBs and SCs
Ragone plot is a chart to compare the power and energy capability of energy
storage devices. The unit for those two axes is power density (W kg-1, W L-1, or W cm1

) and energy density (Wh kg-1, Wh L-1, or Wh cm-1). They are usually presented on a

logarithmic scale. A simplified Ragone plot (Figure 1.5) is presented to compare the
capacitors, supercapacitors and batteries. Among these three devices, batteries can
deliver the highest specific energy, while supercapacitors are high-power systems. Some
devices present the combined features of batteries and supercapacitors, as demonstrated
with the overlapped areas. Thin film batteries exhibit specific power characteristics
similar to those of supercapacitors. Meanwhile, asymmetric supercapacitors with the
combination of a battery-type electrode and an EDL-type electrode, can deliver a
specific energy close to batteries.
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Figure 1.5 Ragone chart showing power density vs. energy density of various energy
storage devices [24].

A comparison of key features from capacitors, supercapacitors and lithium ion
batteries is shown in Table 1.1. Following the mechanism of surface charge separation
and rearrangement on a conductive surface, a capacitor can undergo fast charge and
discharge (millisecond to microsecond time scale), possess a nearly perfect coulombic
efficiency and ultralong cycle life. However, it can only store limited energy, and
suffers from severe self-discharge as well. These features cause the capacitor to be
commonly used as power conditioning, signal coupling and substitutional short-term
power sources. For the electric double layer or fast faradic reaction mechanism, a
supercapacitor can provide much higher energy compared to a conventional capacitor,
but takes a longer time to charge (still within second time scale). It can still endure a
large number of charge-discharge cycles. The application of supercapacitors varies from
buffer power to consumer electronic power sources, depending on its EDL or
pseudocapacitance mechanism. Lithium-ion batteries can deliver quite large energy but
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with lower charging speed. As the chemical reactions are not fully reversible, the cycle
life of a lithium-ion battery is limited, much shorter than that of a capacitor or
supercapacitor. Lithium-ion batteries can power a large variety of devices from
consumer electronics to electric vehicles.

Table 1.1 Some key features comparison between a capacitor, supercapacitor and
lithium-ion battery [23-25].
Function

Capacitor

Supercapacitor

Lithium- ion Battery

Charge time

10-6-10-3 sec

1-10 sec

10-60 min

Energy density (Wh kg-1)

< 0.1

1-10

100-265

Power density (kW kg-1)

Up to 100

Up to 10

0.3-1.5

Cycle life

>500,000

>100,000

500-2,000

Self discharge time at

Short

Long (several months)

room temperature

(days)

Middle-Long
(weeks-month)

Operation temperature
(°C)

-40-125

-20-70

-20-60

Efficiency (%)

99

90-95

90

1.2.2 Evaluation techniques of LIBs and SCs
The capacity of a LIB is the quantity of the electric charge that can be delivered,
which is based on the amount of active materials participating in the electrochemical
reaction. It is defined in terms of coulombs or ampere-hours. The value of theoretical
capacity C0 (Ah g-1) of the reactants is calculated using the following Equation 1.4:
𝐶0 = 26.8𝑛
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𝑚0
𝑀

(1.4)

C0 is the theoretical capacity, m0 (g) is the mass of the active material, M (g mol-1) is the
molar weight of the active material, n is the number of electrons involved in the reaction.
The experimental capacity C (mAh g-1 or A g-1) of a LIB is evaluated by galvanostatic
charge/discharge test, and can be calculated using [t (s) is the discharge time, i (mA or
A) is the applied current]:
𝐶 = 𝑖𝑡

(1.5)

“C” rate is a term used to indicate the discharge/charge current for a battery or
an electrode. It can be expressed as:
𝐼 =𝑀×𝐶

(1.6)

Where I (A) is the discharge current, M is the multiple or fraction of C, C is the
numerical value of the theoretical capacity that can be fully discharged in 1 hour. For
example, a 1 C rate for a 372 mAh battery is 372 mA. It can be calculated as follows:
𝑀=

𝐼 0.372
=
=1
𝐶 0.372

(1.7)

The experimental energy density W (Wh g-1 or Wh kg-1) and power density P (W g-1 or
W kg-1) equals to:
𝑊 = 𝐶𝑉

𝑃 = 𝐼𝑉

(1.8)

Here V (V) is the operation voltage (or average operation voltage).
The capacitance C describes the amount of electric charge stored in a capacitor.
It can be characterized via three most commonly used techniques: cyclic voltammetry
(CV), galvanostatic charge/discharge (C-DC) and electrochemical

impedance

spectroscopy (EIS). For CV testing, it involves applying a linearly varying electric
potential between the reference and working electrodes. The speed of the potential
change is named sweep rate or scan rate ν (mV s-1 or V s-1). The capacitance 𝐶 (F g-1)
from CV method can be given by:
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𝐶=

∆𝑄 ∆𝑄
=
= ∆𝑖/𝜈
∆𝑉 𝜈∆𝑡

(1.9)

𝑉2

1
∆𝑖 =
∫ 𝑖(𝑉)𝑑𝑉
𝑉2 − 𝑉1

(1.10)

𝑉1

𝑉

Where 𝑉1 (V) and 𝑉2 (V) are the switching potentials, and ∫𝑉 2 𝑖(𝑉)𝑑𝑉 is the
1

voltammetric charge through the integration of the positive or negative sweep in a CV.
For charge-discharge test, a constant current is applied to charge the SCs to a
desired voltage or discharged until the voltage decreased to 0.0 V. The value of the
capacitance can be deduced according to the Equation 1.9:
𝐶=

𝑖∆𝑡
∆𝑉

(1.11)

Where i (A) is the constant current, Δt (s) is the discharge time and ΔV (V) is the
potential range.
The electrochemical impedance spectroscopy (EIS) test measures the impedance
of a supercapacitor as a function of frequency by applying a low-amplitude alternating
voltage under the applied potential. It is used to study charge transfer and storage
mechanisms. An equivalent electrical circuit is proposed to simulate the electrochemical
process that has occurred in a supercapacitor. It generally consists of the circuit
elements such as resistance of electrolyte Rs, electric double layer capacitance from
charge separation Cdl, bulk Faradic impedance of the active materials. The Faradic
impedance can be divided into pseudocapacitance Cp and charge transfer resistance Rct
in the redox process. The capacitance measured by EIS is calculated by the imaginary
part of the complex impedance ZIm (Ω) as shown in the following Equation 1.12:
𝐶=−

1
2𝜋𝑓𝑍𝐼𝑚
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(1.12)

Where f (Hz) is normally the frequency at which the phase angle reaches -45°or at the
lowest frequency applied [26]. An alternative calculation introduced by Simon et al. is
[27]:
𝑍 = √𝑍𝑅𝑒 2 + 𝑍𝐼𝑚 2
𝐶𝑅𝑒 = −

𝑍𝐼𝑚
𝜔|𝑍|2

𝐶𝐼𝑚 =

(1.13)
𝑍𝑅𝑒
𝜔|𝑍|2

(1.14)

where 𝜔 = 2𝜋𝑓 is angular velocity, ZRe (Ω) is the real part of the complex impedance, Z
is the overall complex impedance. The real capacitance CRe (F) at the lowest applied
frequency that can be used to represent the cell capacitance C.
Apart from the capacitance, energy and power density are another two important
parameters to evaluate the performance of a SC. Power density is to describe the
efficiency in energy delivery, while the energy density is to evaluate the electrical
energy stored. They can be evaluated in terms of the unit mass, volume or area, as W
kg-1, W L-1 or W cm-1 for power density; and Wh kg-1, Wh L-1 or Wh cm-1 for energy
density. They are calculated by (taking gravimetrically energy/power density for
example):
1 𝐶∆𝑉 2
𝐸=
2 𝑚

(1.15)

∆𝑉 2
4𝑚𝑅𝐸𝑆

(1.16)

𝑃=

The RES (Ω) is the “equivalent series resistance” which can be calculated from the sharp
voltage drop at the beginning of the discharge cycle; or directly obtained from the EIS
test [27]. C (F g-1) is the capacitance, m (g) is the mass of the electrode, and ΔV (V) is
the potential range.
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1.2.3 Electrode materials for lithium-ion batteries
At present, lithiated metal oxides are utilized as the cathode material for
commercial LIBs. Sony’s first commercial LIB product used LiCoO2 [28, 29]. Later
less costly materials such as LiMn2O4, LiFePO4 and higher capacity materials LiNi1xCoxO2

have been developed. These commercially available materials can be divided

into two types of structure. LiCoO2, LiNiO2 and LiNi1-xCoxO2, have layered structures,
whereas LiMn2O4 have a three-dimensional “framework” structure. In the case of
LiCoO2 or LiNiO2, the cobalt/nickel atoms reside within oxygen octahedra, and lithium
atoms are intercalated/de-intercalated in the space between oxygen layers. The LiMn2O4
have a framework or tunnelled structure based on λ-MnO2. Lithium fills 1/8 of the
tetrahedral sites within λ-MnO2.
In the early stages of secondary lithium battery development, lithium metal was
used as anode because of its high specific capacity. The safety issue/concern about
lithium metal encouraged the development of lithium-intercalated carbon materials as
anode materials. Petroleum coke-based carbon was firstly utilized as anode material in
LIBs marketed by Sony, offering a good capacity of 180 mAh g-1 [20]. In the mid-1990s
most Li-ion cells utilized electrodes employing graphitic carbon, in particular a
mesocarbon microbead (MCMB) carbon. MCMB carbon offers a much higher specific
capacity, 300 mAh g-1 [30]. Other graphitic carbons are also used, such as natural
graphite that has afforded a capacity of 365 mAh g-1 [31]. In LIBs, graphitic carbon
anode like MCMB and natural graphite can form LiC6 structures (Equation 1.17), the
layers of lithium ions and graphite are arranged one after another. The theoretical
capacity of graphite can be calculated using Equation 1.18 as below [32, 33]:
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(1.17)

𝐶graphite = 26.8 ×

1
× 1000 ≈ 372 (mAh g −1 )
72.06

(1.18)

A single lithium ion layer is firstly formed at low lithium ion concentration, and
then the lithium ions will not be intercalated into adjacent graphene layers. Those layers
without lithium ions inserted are periodically arranged, and the lithium ion
concentration in graphite increases. The number of unfilled graphene layers is reduced
with more intercalated lithium ions [34]. The above gradual lithium ion intercalation
process is known as “stage formation”, as illustrated in Figure 1.6. The stage index is
used to describe the number of non-lithiated graphene layers between lithium layers.
The voltage plateau in the discharge curve indicates the coexistence of two phases [35].
In practical

terms,

experimental charge-discharge

curves

have no obvious

discontinuities between the two-phase regions because various types of over-potential
result in the plateau sloping.
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Figure 1.6 Stage forming process during lithium intercalation between graphene layers
in a lithium-ion battery [34].

Compared with graphitic carbon, the amorphous non-graphitic “hard” carbon
materials offer higher capacity, over 1000 mAh g-1, but suffered from higher irreversible
capacity, and higher voltage (~1 V) [36, 37]. Hard carbon materials do not have stacked
graphene sheets and exhibit an amorphous structure with numerous micropores. The
high capacity from hard carbon can be explained by the adsorption of lithium ions on
the carbon layer surface and the formation of lithium clusters within micropores (Figure
1.7). The opening of micropores from heat treatment also allows the electrolyte to
penetrate, which leads to irreversible capacity since lithium ions surrounded by
electrolyte cannot be stored [31]. Another factor of irreversible capacity results from the
reaction of lithium with surface functional groups or absorbed molecules [38].
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Figure 1.7 Lithium storage mechanism of hard carbon and penetration of electrolyte in
pores [31].

In addition to carbon materials, metal alloy anodes such as Sn, Si, Ge, Sb are
known for high specific capacity and safety characteristics. They can provide large
theoretical capacity that is 2-10 times higher than that of graphite, also a moderate
operation potential versus lithium (0.4~0.9 V) [39-41]. However, the performances of
these materials were primarily hampered by capacity fading caused by large volume
changes (up to 150-300%), or slow reaction kinetics.

1.2.4 Electrode materials for supercapacitors
Depending on different mechanisms, electrode materials for supercapacitors can
be classified into EDL capacitor materials and pseudocapacitor materials. Many
different types of carbon can be used as EDL materials. Activated carbons are the most
used materials because of their high specific surface area and low cost. They can be
prepared from carbon-rich organic precursors by heat treatment under inert atmosphere
followed by physical/chemical activation. The activation process may lead to a specific
surface area as high as 3000 m2 g-1. For fabricating the electrode, activated carbon (AC)
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powders are mixed with conductive carbon black and organic binder to form a slurry
which is then coated onto current collectors. When operating in organic electrolytes, AC
electrodes give a capacitance of up to 100 F g-1 and a cell operating voltage of up to 2.7
V. Using aqueous electrolytes, the capacitance of AC electrodes can be increased to 200
F g-1 but the operating voltage is limited to 1 V [42].
Carbon aerogels are made from organic gel precursors prepared by a sol-gel
route through a poly-condensation reaction. After pyrolysis treatment of the precursor
gel under an inert atmosphere, a controlled and uniform mesoporous structure (pore
size, 2-50 nm) is then formed. The gravimetric capacitance of a carbon aerogel is in the
range of 50-100 F g-1 [43]. However, the low density of aerogel materials results in a
poor volumetric capacitance that limits their practical application.
Pseudocapacitive materials are able to store higher amount of energy than that of
EDL materials. Conducting polymers (CPs) such as polyaniline (PANI), polypyrrole
(PPy) and poly[3, 4-ethylenedioxythiophene] (PEDOT), are important classes of
pseudocapacitance active materials. They can store and release charges through fast
faradic reactions. Conducting polymers can be p-doped with (counter) anions or ndoped with (counter) cations. PANI and PPy can only be p-doped, whereas
polythiophene derivatives can be both p-doped and n-doped. Taking p-doped
conducting polymer as an example, when oxidation occurs (p-doping), ions from the
electrolyte are transferred to the polymer backbone and, on reduction (undoping state),
they are released back into the solution. The simplified equation for this
charge/discharge process of p-doped conducting polymer is as follows:
(1.19)
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EDL materials based supercapacitors have high power capabilities, due to the fast ion
adsorption and desorption, but a low specific energy. Conducting polymers can increase
the stored energy as they undergo electrochemical redox reactions in addition to the
EDL mechanism. However, they suffer from slow ions diffusion within the bulk of the
electrode, resulting in relatively low power density. Nevertheless, it is still proposed that
conducting polymers can bridge the gap between batteries and supercapacitors, for they
could provide higher energy than EDL materials and undergo faster charge/discharge
process than batteries. The typical dopant level for these polymers, as well as their
typical specific capacitances and voltage ranges, are given in Table 1.2 [44].

Table 1.2 Theoretical and experimental specific capacitances of common conducting
polymers [44-49].
Conducting

Dopant

Potential

Theoretical

Measured Aqueous

Measured Value

Polymer

Level

Range (V)

(F g-1)

(F g-1)

Organic (F g-1)

PANi

0.5

0.7

750

742 [46]

430 [48]

PPy

0.33

0.8

620

530 [45]

450 [49]

PEDOT

0.33

1.2

210

92 [50]

140 [47]

Transition metal oxides (TMO), as pseudocapacitive materials, are able to store
more energy than carbon materials, and possess better electrochemical stability than
conducting polymers. Noble metal oxides such as RuO2 and IrO2, exhibit good
conductivity and excellent power densities. Take RuO2 as an example, it has three
oxidation states within 1.2 V, delivering a specific capacitance of up to 1580 F g-1 [51].
Also protons can participate in the redox reaction, where RuO2 acts as “proton
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condenser”. The mechanism of RuO2 as pseudocapacitive materials in acidic solution
can be described as [52]:
0≤x≤2

(1.20)

The main drawbacks of these noble metal oxides as electrode materials are their high
cost and potential harm to the environment. However, low cost metal oxides such as
MnO2, NiO, Co(OH)2, Fe3O4 have been explored [53-56], and present outstanding
pseudocapacitive behavior. A specific capacitance of 698 F g-1 [54], 1329 F g-1 [53],
2646 F g-1 [56] is reported for MnO2, NiO and Co(OH)2, respectively. Among these
metal oxides, manganese oxide is the one that possesses the advantages of abundance,
no toxicity, ease of synthesis and high capacitance. The proposed mechanism is that
protons or alkali metal cations can intercalate into/de-intercalate from the MnO2 crystal
lattice upon reduction/oxidation, which is similar to that of RuO2 [57].
However, TMOs suffer from poor rate capability and cycle performance, which
reduces their ability to reach their maximum capacitance value under a high current rate
or after long-term cycling. Specific to electrodes for flexible power sources, TMOs
powder or nanoparticles are unfavourable for forming flexible electrodes compared with
conducting polymers and graphene. For this reason, investigations of materials for
flexible electrodes in this thesis were mainly focused on graphene or its composites with
conducting polymers.

1.3

Graphene for Energy Storage Application
As mentioned above, various types of carbon materials play vital roles in LIBs

or supercapacitors [20, 58]. To meet the requirements of the rapid development of
consumer electronics and green vehicles, the key challenge is to develop novel carbon
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materials with higher energy and power density. Graphene, an emerging star in
nanocarbon materials, is composed of one-atom-thick planar sheets consisting of sp2bonded carbon atoms densely packed in a honeycomb crystal lattice. Theoretically,
graphene without any disorder has a remarkably high electron mobility in excess of
200,000 cm2 V-1 s-1 at room temperature [59] . The theoretical specific surface area of
graphene can reach up to 2630 m2 g-1, twice of that for CNTs [60] . Due to its high
theoretical surface area and ability to facilitate electron transfer along the surface,
graphene is proposed to be excellent materials for LIBs or SCs.

1.3.1 Graphene and its preparation
Although the concept of monolayered graphene can be tracked back to the
1960s-1970s [61], not until 2004 was graphene firstly prepared and studied by Andre
Geim and Konstantin Novoselov [62]. Graphene was obtained via mechanical
exfoliation of graphite by a simple scotch tape method. The adhesive tape was used to
repeatedly split graphite crystals into increasingly thinner pieces. The exfoliated
transparent monolayer graphene flakes attached on the tape was then dissolved in
acetone. For their contributions regarding graphene materials, Andre Geim and
Konstantin Novoselov were awarded jointly the 2010 Nobel Prize in Physics.
A different “bottom up” strategy was then developed to directly grow graphene
onto a substrate surface. There are two different ways for graphene growth, depending
on the carbon source: carbon already exists in the substrate or to be added by chemical
vapor deposition (CVD). Graphene can be epitaxially grown by simply heating and
cooling a SiC crystal. The 6H-SiC single crystal is heated in an ultra-high vacuum
(UHV) to high temperature (>1300°C), which causes Si to sublimate, forming wafer44

size graphene on the surface [63]. This method is highly dependent on the parameters
including temperature, heating rate and pressure. The growth of carbon nanotubes
instead of graphene can occur if the temperature and pressure is too high [64].
CVD is a process where a substrate is exposed to gaseous compounds. Then
these compounds decompose on the substrate surface to grow a thin film, while the byproducts evaporate. Graphene can be grown by the CVD method from carbon
containing gases on catalytic metal surfaces or by surface segregation of carbon
dissolved in the bulk of metals. The growth of graphene through graphitization of Ni in
a CH4-H2 mixture at ≥ 1000 °C follows a combined process of surface-mediated
deposition and surface segregation. The carbon atoms from the decomposition of CH4
are diffused into the metal, forming a “solid solution”. The carbon dissolved is then
segregated on the metal surface upon cooling, producing graphene monolayers. Through
a surface-mediated CVD process, graphene can be deposited on Cu surface with
methane and hydrogen gas as precursors [65]. Since the solubility of C in Cu is minimal
compared to Ni, graphene can form on Cu only by direct decomposition of the C
containing gas on the catalytic Cu surface. The graphene growth process on Cu can be
easily controlled to stop at one monolayer. In contrast, such control is very difficult on
Ni due to the considerable solubility of C in Ni [66, 67].
In order to facilitate large scale production of graphene, a “top down” strategy
was followed where, in addition to mechanical exfoliation, an exfoliation method using
graphite (or graphite oxide) as precursor was developed. By overcoming the van der
Waals attractions between graphene layers, liquid-phase exfoliation of “pristine”
graphite assisted by ultrasonication can produce defect-free graphene. Immersion of
graphite in liquid can reduce the strength of van der Waals attractions, for the energy
between adjacent layers will be balanced by the interactions between liquid and graphite
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sheets. The graphene flakes tend to separate from each other and disperse into the liquid
if the interfacial tension between solid and liquid is low enough [68]. With a surface
tension γ around 40 mJ m-2, solvents such as N-methyl-2-pyrrolidone (NMP, ~40 mJ m2

), N, N-dimethylformamide (DMF, ~37.1 mJ m-2) and ortho-dichlorobenzene (o-DCB,

~37 mJ m-2) are the best choice for exfoliation of graphite [50]. Graphene dispersions
with concentrations of up to ~0.01 mg ml-1 can be produced by exfoliation of graphite in
NMP. This method results in the monolayer yield of ~1 wt%, and can potentially be
improved to 7-12 wt% through recycling of the sediment (Figure 1.8) [50]. The
obtained graphene is confirmed to have no defects or oxygen functional groups.

Figure 1.8 (a) Dispersions of graphite flakes in NMP, at a range of concentrations
ranging from 6 mg ml-1 (A) to 4 mg ml-1 (E) after centrifugation. (b) Bright-field TEM
images of monolayer graphene flakes deposited from NMP. (c) Histogram of the
number of visual observations of flakes as a function of the number of monolayers per
flake for NMP dispersions [50].

The use of surfactant in solvent exfoliation, can promote the exfoliation of graphite,
especially when the surfactant has high adsorption energy on the basal plane of
46

graphene, higher than that of the solvent molecule interacting with graphene. Also the
surfactant can stabilize the exfoliated graphene, where the zeta potential of the
surfactant stabilized graphene controls the dispersion concentration [69]. Coleman et al.
demonstrated

that

the

successful

exfoliation

of

graphite

in

water-sodium

dodecylbenzene sulfonate (SDBS) solution [69]. It is revealed that over 40% of
exfoliated flakes are less than 5 layers and 3% of the flakes are monolayer. Moreover,
the sediment remaining after centrifugation can be recycled to improve the overall yield
of graphene exfoliation. Recycling the sediment results in narrowing of the flake
thickness distribution, shifting it toward thinner flakes with large quantities of bilayers
or

trilayers

(67%

of

flakes

have

<5

layers).

Cationic

surfactants

like

cetyltrimethylammonium bromide (CTAB) can also be used to assist the solvent
exfoliation of graphite. The mass fraction of graphene via solvent exfoliation is
typically less than 0.01 wt%. To address this issue, Notely et al. developed a method
through continuous addition of surfactant to prepare highly concentrated graphene
suspension of up to 1.5 wt% via solvent exfoliation (Figure 1.9) [70]. By continuously
replacing the surfactant to lower the surface tension during sonication, the concentration
of flakes can be significantly increased.
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Figure 1.9 (A) Schematic procedure of exfoliation of graphite with gradually added
surfactant; (B) TEM image of graphene; (C) Image of a highly concentrated graphene
suspension [70].

Graphene production through the graphite oxide exfoliation route is the mostly
used one due to its low-cost, large-scale production and easy manipulation. Graphite
oxide can be produced by oxidation of graphite via various methods as reported by
Brodie, Hummers, and Staudenmeier [71]. Graphite is oxidized by the combination of
potassium chlorate with nitric acid (Brodie and Staudenmaier) or potassium
permanganate with sulfuric acid (Hummers). The formed graphite oxide is still a
layered stack of puckered sheets but has much larger interlayer distance (0.7~1.2 nm)
than graphite (0.335 nm) [72], thus can be easier to exfoliate into graphene oxide in
solvents upon the application of mechanical energy.
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Figure 1.10 A proposed schematic of graphene oxide structure [73].

Graphene oxide is an insulation material due to the disrupted sp2 bonding networks. To
recover its electrical conductivity, GO needs to be reduced to restore its π-π conjugated
structure. The product of GO reduction has been given a variety of names, including
reduced graphene oxide (rGO), chemically reduced graphene (CRG), chemical
converted graphene (CCG) or graphene. Ruoff et al. first prepared reduce graphene
oxide from the exfoliation of graphite oxide [74, 75]. Graphite oxide was prepared using
a modified Hummers’ method, and then exfoliated into water with the assistance of
ultrasonication. Hydrazine hydrate was used to reduce graphene oxide (Figure 1.11).
This treatment results in the formation of unsaturated and conjugated carbon atoms,
which can partially recover the electrical conductivity. In addition to hydrazine
reduction, GO can be reduced with other chemical reducing agents (i.e. ascorbic acid,
sodium borohydride, etc.) [76, 77]. It can also be reduced via thermal treatment [78] or
electrochemical routes [79, 80].
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Figure 1.11 (a) An SEM image of aggregated reduced GO sheets; (b) A platelet having
an upper bound thickness at a fold of ~2 nm; (c) AFM image of exfoliated GO sheets
with three height profiles acquired at different locations [31].

1.3.2 Graphene based materials for energy storage
Theoretical study has shown that, a single layer graphene sheet can
accommodate Li+ ions on both sides to create a Li2C6 structure, providing twice the
capacity (744 mAh g-1) of that from conventional carbon materials. In highly disordered
graphene, the theoretical capacity can be even higher than the Li2C6 model due to the
contribution of defects in the edge sites and internal basal planes (Figure 1.12) [81]. The
disordered graphene delivered a reversible capacity of 794-1054 mAh g-1, which is
close to Li2C model proposed for disordered carbon by Sato et al. [82].
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Figure 1.12 (a) Irreversible Li Storage at the Interface between the Graphene
Nanosheets and Electrolyte; (b) Reversible Li Storage at Edge Sites and Internal Defects
(Vacancies etc.) of Nanodomains Embedded in Graphene Nanosheets; (c) Reversible Li
Storage between (002) Planes [81].

In 2008, graphene sheet-based electrodes were firstly employed by Yoo et al.
for lithium storage, and achieved a capacity of 540 mAh g-1 [83]. This value was lower
than the theoretical calculation, which may be caused by the restacking of graphene.
The lithium storage capacity of graphene nanosheets material can be increased to 730
and 784 mAh g-1, with carbon nanotubes or fullerenes introduced to increase the intergraphene sheet distance (Figure 1.13).
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Figure 1.13 Graphene for batteries. (A) Relationship between the d-spacing and the
charge capacity of graphene nanosheet (GNS) families and graphite; (B) Cross-sectional
TEM images of GNS families with almost the same numbers (5–6) of graphene stacking
layers for (a) GNS, (b) GNS + CNT, and (c) GNS + C60 [83].

A crumpled-paper-shaped graphene was prepared by means of rapid heating and
ultrasonication. This graphene anode exhibited a reversible capacity of 672 mAh g-1 and
good cycle performance [84]. Flower-petals shaped loose graphene nanosheets powders
were prepared by a soft-chemistry approach, and exhibited a reversible capacity of 650
mAh g-1 [85]. It was proposed that the nano-cavities formed between graphene sheets
due to scrolling and crumpling contribute to the lithium storage [86].
With the merits of theoretically high surface area and excellent conductivity,
graphene are also expected to be an ideal material for supercapacitors. The intrinsic
capacitance of one single-layer graphene was reported to be ~21 mF cm-2. Theoretically
graphene could achieve an EDL capacitance of ~550 F g-1 [87]. Supercapacitors based
on graphene was first reported by R. S. Ruoff’s group [88]. They used chemically
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modified graphene (CMG) with a high specific surface area of 705 m2 g-1 as the
electrode materials that provided a specific capacitance of 135 F g-1 in aqueous
electrolyte and 99 F g-1 in organic electrolyte (Figure 1.14).

Figure 1.14 (a) SEM image of CMG particle surface, (b) TEM image showing
individual graphene sheets extending from CMG particle surface, (c) low and high
(inset) magnification SEM images of CMG particle electrode surface, and (d) schematic
of test cell assembly [88].

Carbon can be activated with steam, KOH, and KOH+CO2, forming activated carbon
with a specific surface area as high as 2821 m2 g-1 [89]. A similar strategy can also be
utilized to prepare activated graphene. Porous graphene was produced by KOH
activation of the microwave exfoliated graphite oxide [90]. The activation process
created pores with 0.6-5 nm in width on the graphene surface, forming a continuous, 3D
carbon network with atom-thick walls (Figure 1.15). Such porous graphene afforded
combined high electrical conductivity and high surface area (3100 m2 g-1). It achieved
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an energy density of 70 Wh kg-1 at a current density of 5.7 A g-1 in ionic liquid (1-ethyl3-methylimidazolium bis(trifluoromethylsulfonyl)imide).

Figure 1.15 (A) A schematic to show the preparation procedure of KOH activated
microwave exfoliated GO (a-MEGO); (B) Low-magnification SEM image of a-MEGO;
(C) High-resolution SEM image of a-MEGO that demonstrates the porous morphology;
(D) ADF-STEM image of the same area as (C); (E) High-resolution phase contrast
electron micrograph of the thin edge of a-MEGO chunk; (F) CV curves at different
scan rates; (G) Galvanostatic charge/discharge curves under different constant currents
[90].

1.4

Graphene Based Flexible Electrodes
The inherent excellent mechanical and electronic properties of graphene make it

an attractive material for applications in flexible energy storage devices. With one-atom
layer thick structure, graphene is easily deformed in the vertical direction to the surface,
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providing good flexibility. In flexible energy devices, graphene based materials can
work with multiple functions. They can serve as high performance active materials, also
they can provide flexibility for their excellent mechanical properties. Graphene
materials can be made into substrate-supported flexible electrodes, intrinsic flexible
fibres, free-standing papers/films or three-dimensional macro-assemblies [91].
Furthermore, graphene sheets can be incorporated with conducting polymers or
inorganic metal oxides forming composites. It can serve as a flexible backbone to
enhance the flexibility of the composites, and can also help to improve the rate and
cycle stability of conducting polymers or metal oxides.

1.4.1 Flexible graphene electrodes with mechanical support
The mechanical support for graphene-based flexible electrodes can be either
planar substrates like plastics and metal foils, or porous substrates including textiles,
cellulose papers and sponges. Flexible, thin and light-weight plastics such as
polyethylene terephthalate (PET) are ideal substrates. An ultrathin, transparent (70%
transmittance) PET supported graphene film showed a specific capacitance of 135 F g-1
at a current density of 0.75 A g-1 [92]. A multilayer film of Co, Al layered double
hydroxide nanosheets and graphene on PET substrate via layer-by-layer assembly can
achieve a high specific capacitance of 1204 F g-1 and 9 mF cm-2 [93].
Compared to planar flexible substrates, textile [94], sponge [95], and cellulose
paper [96] substrates have large surface area and porous structure. Therefore, flexible
graphene electrodes on those substrates have demonstrated an enhanced electrochemical
performance. It can be achieved by simply dip-coating or by a filtration process. Cheng
et al. fabricated a flexible graphene-cellulose paper (GCP) membrane by simple vacuum
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filtration of graphene dispersion through cellulose paper [96]. The graphene nanosheets
penetrated throughout the cellulose paper, and strongly bound to the cellulose fibres
(Figure 1.16). Benefiting from the macroporous structure of the cellulose paper and the
excellent conductivity of graphene, the obtained film shows high stability with a
decrease of only 6% after being bent 1000 times. Such a flexible electrode exhibited an
areal capacitance of 81 mF cm-2 and a gravimetric capacitance of 120 F g-1. An all solidstate flexible supercapacitor based on GCP using H2SO4-PVA electrolyte exhibited a
capacitance as high as 46 mF cm-2.

Figure 1.16 SEM images of the filter paper or graphene–cellulose paper surfaces with
different graphene nanosheet loading amounts. (A) 0 wt% (pristine filter paper), (B) 2.3
wt%, and (C) 7.5 wt%. (D) Illustration of the structural evolution of graphene–cellulose
paper as the graphene nanosheets loading increases [96].
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Textiles with hierarchical network and complex surface morphology, are another
commonly used porous substrate. These textiles have hierarchical network structures
with a complex surface morphology. The hydroxyl functional groups and high porosity
in the textile substrate could facilitate electrolyte ions transportation and integration
with the active materials. Liu et al. prepared a flexible graphene based electrode via a
simple “brush-coating and drying” method [94]. Cotton cloth was used as substrate and
GO suspension was “ink”. Graphene based fabric exhibits good electrical conductivity,
outstanding flexibility, and strong adhesion between graphene and cotton fibres. An all
fabric supercapacitor with cotton cloth as separator and these graphene fabric electrodes
can achieve a high specific cell capacitance of 81.7 F g-1 (based on the total mass of
electrodes) at a scan rate of 10 mV s-1.

Figure 1.17 (a) A schematic diagram of the structure of an assembled symmetric
supercapacitor, (b) photo of the assembled supercapacitor, (c) CV curves of the
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assembled supercapacitor at various scan rates in 6 M KOH solution, and (d) its specific
capacitances at various scan rates [94].

Using metal foils as substrates, graphene based flexible electrodes are expected
to have better performance due to their very low resistance. Based on a CVD method,
monolayer graphene was grown on Cu foil to obtain a flexible cathode [97]. An allsolid-state battery was assembled using this flexible electrode, a lithium foil anode and
thin polymer electrolyte [poly(ethylene glycol) borate ester- LiClO4]. The 50 μm thick
flexible device shows a volumetric energy density of 10 Wh L-1 at a power density of 50
W L-1 and a stable cyclic performance of up to 100 cycles.

1.4.2 Free-standing graphene based flexible electrodes
1.4.2.1 Flexible graphene based paper/film electrodes for LIBs
Although the utilization of a mechanical support is a simple and effective
strategy to realize flexible electrodes, this technique also suffers from some drawbacks.
The attachment between substrate and graphene coating can be affected or deteriorated
during repeated deformation. More importantly, the introduction of a substrate adds
dead weight and dead volume to the device. Therefore, it is more favourable to use
conductive, intrinsic flexible films/papers to meet the requirements of flexible
electrodes. Such intrinsic free-standing materials can endure repeated deformation
without affecting the performance; also can be easily made into the designed shape. It
can help reduce the total weight of the device because the flexible electrode can be
fabricated without substrate, and used directly without the need of binder and current
collector.
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Ultrathin, flexible and light-weight freestanding graphene-based films or papers
have attracted much attention. It can be fabricated via various methods that include
Langmuir-Blodgett, layer-by-layer deposition, interfacial self-assembly, spin-coating
and vacuum filtration. Driven by the intersheets π-π interactions, the highly ordered
free-standing graphene paper can be easily formed from a well-dispersed graphene
dispersion assisted by vacuum filtration [98, 99]. Such graphene papers are ideal
materials for flexible electrodes due to their facile preparation and superior flexibility.
The performance of such graphene paper as a lithium battery anode was first reported
by Wang et al [100]. It displayed the first discharge capacity of 582 mAh g-1 and a
reversible capacity of only 84 mAh g-1 at 50 mA g-1 (Figure 1.18). The plateau in the
first discharge at 2.20 V was attributed to lithium interactions with the residual oxygencontaining functional groups within graphene nanosheets. The unsatisfactory
performance may be ascribed to the restacking effects of the graphene sheets during
formation of the paper.
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Figure 1.18 (A) Photograph of two pieces of free-standing graphene paper fabricated by
vacuum filtration of chemically prepared graphene dispersions, followed by air drying
and peeling off the membrane. Front and back surfaces are shown. (B) Side-view SEM
images of a ca. 6 µm thick sample. (C) Charge/discharge profiles and (D) cycle
performance of graphene paper at a current density of 50 mA g−1 [99, 100].

A non-annealed graphene paper was prepared via reduction of graphene oxide paper
with hydrazine, and it displayed improved cycling stability but with low capacity and
poor rate capability. The capacity was still 84 mAh g-1 at 50 mA g-1, and can increase to
214 mAh g-1 at a lower current density of 10 mA g-1 [101]. Kung et al. used ultrasonic
vibration and mild acid oxidation to create in-plane porosity on the graphene sheets, and
obtained a flexible holey graphene paper (Figure 1.19). The holey defects provided
abundant ion binding sites and enhanced lithium ion diffusion kinetics, resulting in an
improved performance; especially at high C rates. At 13.3 C and 26.6 C rates, a capacity
of 150 and 70 mAh g-1 were obtained, without obvious capacity degradation up to 1000
cycles [102].

Figure 1.19 Schematic drawing (not to scale) of the introduction of in-plane pores into
chemically exfoliated graphene oxide (GO) and the subsequent filtration into a holey
graphene oxide paper (HGO) [102].
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1.4.2.2 Flexible graphene based paper/film electrodes for SCs
Graphene paper via filtration has also attracted great attention in the research of
flexible supercapacitors because of their facile preparation, large-scale fabrication and
superior flexibility. However, the severe re-stacking of graphene sheets during the
filtration process results in a relatively low specific surface area (SSA) limiting ion
diffusion, thus strongly affecting its performance as a supercapacitor electrode. In order
to solve the problem, several strategies have been launched to prevent the restacking of
graphene sheets, increasing SSA and facilitating ion transport.
It was reported that during the filtration process, graphene can form paper-like
wet gel when the repulsive force between hydrated sheets and inter-sheet π-π attractions
reach a balance [103]. The graphene sheets in such gel were highly separated.
Following such strategy, a flexible electrolyte-mediated chemically converted graphene
film (EM-CCG) was created using electrolytes (sulfuric acid, and ionic liquid 1-ethyl-3methylimidazolium tetrafluoroborate, EMIMBF4) to inhibit graphene sheets restacking.
It was prepared from precursor paper-like graphene hydrogel by exchanging water
inside the gel with a mixture of volatile (water) and non-volatile liquid electrolytes
(ionic liquid or sulfuric acid), and then evaporating the volatile liquid under vacuum
[104]. By adjusting the ratio of volatile and non-volatile liquids, the packing density of
the EM-CCG films can be easily tuned from 0.13 to 1.33 g cm-3. The highly compact
EM-CCG films based symmetric supercapacitors exhibit a gravimetric capacitance of
~190 F g-1 and a high specific volumetric capacitance of 255.5 F cm-3 at 0.1 A g-1 in
aqueous electrolyte. (Figure 1.20)
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Figure 1.20 (A) A photo showing the flexibility of an electrolyte-mediated chemically
converted graphene (EM-CCG) film. (B, C) SEM cross-sectional images of EM-CCG
films with mass loadings of 0.42 and 1.33 mg cm-3. (D) Volumetric capacitance and (E)
energy density as a function of the areal mass loading of an EM-CCG film (1.25 g cm-3)
and a dried CCG film (1.49 g cm-3) at a current density of 0.1 A g-1 [104].

Alternative strategies including self-assembly, freeze drying and laser scribing
have been developed to fabricate graphene paper (or film) from the chemically
converted graphene [105-107]. Liu et al. prepared graphene paper from pressing a
freeze-dried graphene aerogel (Figure 1.21) [106]. That flexible graphene paper consists
of wrinkled graphene sheets, delivering a high charge capacity of 864 mAh g-1 at 100
mA g-1 with a Coulombic efficiency above 98% at the second cycle. The author
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proposed that the existence of graphene sheets folding could enhance the accessibility of
Li+ ions and electrolyte, resulting in an exceptional performance.

Figure 1.21 Illustration of the formation process of graphene paper and its performance
as a lithium-ion battery or supercapacitor electrode. Reproduced with permission [106].

1.4.2.3 Three dimensional (3D) graphene based flexible electrodes
The electrochemical performance of graphene based electrode can be
significantly affected by electrolyte and electron transportation ability, which depends
on the nanostructures of graphene materials. Free-standing graphene materials with 3D
porous structure, such as aerogels, foams and sponges, can provide high surface area
and fast ion/electron transport. Chen et al. prepared paper-like graphene foam following
the “leavening” strategy (Figure 1.22) [108]. The precursor GO paper by filtration was
placed into a sealed autoclave to react with the additive hydrazine monohydrate,
producing bread-like graphene foams after being reacted at 90 °C for 10 h. The foamlike graphene paper was composed of an open porous network with pores ranging from
sub-micrometre to several micrometres. Such graphene foam based symmetric SCs
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showed a capacitance of 110 F g-1 at 0.5 A g-1, much larger than that of compact
graphene paper based SCs (17 F g-1).

Figure 1.22 (A) Schematic drawings illustrating the process to prepare RGO foams. (B
and C) Cross-sectional SEM images of RGO foams. (D and E) Schematic diagram and
optical image of the flexible RGO foam supercapacitor. (F) CV curves of the RGO
foam supercapacitor before bending and while bent [108].

Gelation is a simple, straightforward route to prepare 3D porous macroscopic
functional materials. A zinc ion induced interfacial gelation approach was developed to
fabricate a 3D porous graphene framework at large scale (Figure 1.23) [109]. By simple
immersion of a Zn template with arbitrary shape in the aqueous dispersions of GO, the
gelation as well as GO reduction spontaneously occurred at the Zn surface, forming 3D
graphene gel with continuous porous network. Such method provides a facile route to
obtaining 3D graphene gels with specific shapes. Accordingly, the freeze-dried
graphene hydrogel films exhibited a high specific area of up to 778.5 m2 g-1. A
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supercapacitor based on such graphene gel delivered a gravimetric specific capacitance
of 76.8 F g−1 at 2.3 A g-1 and an areal specific capacitance of 33.8 mF cm-2 at 1 mA cm-2.
An outstanding cycle performance was also demonstrated, with a capacitance retention
of 97.8% after 4,000 cycles.

Figure 1.23 (a-c) Schematic illustration of the interfacial gelation mechanism; (d)
Graphene gelation procedure; (e-f) SEM images of freeze-dried aerogels prepared at
different conditions [109].

Alternatively, an hydrothermal method was also developed to prepare Graphene
hydrogels or aerogels [110]. However, the poor mechanical strength hindered their
direct use as flexible electrodes. Duan et al. addressed this issue by simply pressing the
hydrothermal graphene hydrogel onto a current collector, and obtained a flexible 3D
graphene hydrogel film electrode. An all solid-state supercapacitor was then assembled
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using such flexible graphene hydrogel electrode with polymer electrolyte. The graphene
hydrogel film based all solid-state supercapacitor showed a high specific capacitance of
186 F g-1 at a current density of 1 A g-1. Due to the high mass loading, this 3D graphene
hydrogel film achieved a superior area-specific capacitance of 372 mF cm-2. As a
flexible supercapacitor, the device was able to be bent up to 150°, and showing an 87%
capacitance retention after 10,000 cycles under this bending angle.
Template assisted assembly is a versatile approach to construct 3D
nanostructured materials. Su et al. used a template-mediated assembly method to
fabricate a macroporous ‘bubble’ flexible graphene paper (Figure 1.24) [111]. The
graphene oxide precursor along with PMMA template spheres were orientatedly
assembled by vacuum filtration. After calcination, the reduction of graphene oxide and
removal of polymer template occurs simultaneously. The utilizable total capacitance of
this ‘bubble’ graphene paper is 92.7 F g-1 (determined by EIS), which is 3 times higher
than that from the compact graphene paper. Furthermore, the ‘bubble’ graphene paper
can afford quite high rate capability, and exhibit a high rate retention of 67.9 % when
the scan rate increases from 3 to 1000 mV s-1. These superior performances can be
attributed to the three dimensional macroporous structure.
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Figure 1.24 (a) An illustration of the fabrication of ‘bubble’ graphene paper and photos
of (b) as-prepared GO/PMMA paper, (c) “bubble” graphene paper [111].

1.4.2.4 Flexible graphene composite electrodes
For supercapacitor applications, the capacitance of pure graphene film/paper is
limited by its EDLC energy storage mechanism. The formation of a porous or looselycompact structure with flexible graphene electrodes can effectively increase the
capacitance/capacity gravimetrically, but deliver relatively low areal/volumetric
capacitance/capacity due to low mass loading. A graphene electrode for LIB is also
limited by its relatively low maximum theoretical capacity (748 mAh g-1). To solve this
issue, active materials with high capacity/capacitance such as transition metal oxides
(TMOs) or conducting polymers are added to form composites in order to improve the
performance. TMOs or conducting polymer can contribute large capacitance/capacity,
while effectively prevent graphene sheets aggregation. In addition, an enhanced
capacitance/capacity per areal/volume can be achieved due to the greater
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areal/volumetric loading mass. On the other hand, the existence of graphene in the
composites enables flexibility, and also improves the rate and cycle performance of
TMOs or conducting polymers. Flexible electrodes combining TMOs or conducting
polymers with graphene is anticipated to have excellent electrochemical performance as
well as good mechanical properties.
Transition metal (Fe, Co, Ni, Sn) oxides (TMOs) have been widely studied as
anode materials for their high theoretical lithium storage capacities (> 600 mAh g-1)
[112-116]. In graphene/TMOs composite materials, graphene can serve as a conductive
network and anchor for nanoparticles. The volume expansion and contraction of those
materials during charge/discharge can be mitigated by graphene. On the other hand, the
inorganic particles in the composites act as spacers to reduce the restacking of graphene
sheets. So the composites have both high lithium storage capacity and excellent cycle
stability. Wang et al. demonstrated a ternary surfactant directed self-assembly approach
using graphene as building blocks to construct ordered flexible SnO2-graphene
nanocomposite for lithium-ion battery application. This material presented a capacity of
760 mAh g-1 at 8 mA g-1 and 225 mAh g-1 at 80 mA g-1. Other TMOs such as MnO2,
TiO2 and Co3O4, were also employed to prepare flexible graphene based hybrid
electrodes. Free-standing hybrid graphene-MnO2 nanotube thin films were layer-bylayer assembled via an ultrafiltration technique (Figure 1.25). Graphene thin layers
provided conductive pathways facilitating the conversion reaction of MnO2, and also
maintained the electrical contact with MnO2 nanotube during lithium insertion/deinsertion. The composite film presented excellent cycle performance and rate capability
with a reversible capacity of 495 mAh g-1 at 100 mA g-1 after 40 cycles. At a high
current rate of 1600 mA g-1, the charge capacity of graphene-MnO2 NT film reached
208 mAh g-1 [117].
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Figure 1.25 Schematic of Li storage mechanism of graphene-MnO2 NT film as a LIB
anode [117].

Flexible

TMOs/graphene

hybrid

materials

such

as

MnO2/graphene,

RuO2/graphene, and V2O5/graphene have also been reported for supercapacitor
applications. A simple strategy using the in situ grown MnO2 nanoparticles decorated
graphene oxide as precursor to prepare graphene/MnO2 composite paper was reported.
The specific capacitance of graphene/MnO2 composite paper with 24 wt% MnO2
reached 256 F g-1 at a current density of 500 mA g-1, and showed good cycle stability as
well [118]. A similar method was also applied to fabricate V2O5 nanowires/graphene
paper. The V2O5 nanowires (VNW) were in situ grown on the surface of GO sheets
(Figure 1.26) [119]. Then the hybrid paper was fabricated by traditional filtration
process followed by GO reduction. The composite electrode showed an energy density
of 38.8 Wh kg-1 at a power density of 455 W kg-1. The maximum power density of
3.0 kW kg-1 was delivered at a constant current discharge rate of 5.5 A g-1. The device
prepared using hGO-VNW120 anode showed a specific capacitance of 80 F g-1.
Although graphene-TMO based flexible electrodes have demonstrated their
promising performance, there are still some limitations. These composites still
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demonstrate relatively poor rate capability and cycle performance, although the
performance had been improved compared with that of neat TMOs. Another drawback
is the deteriorated mechanical strength of the flexible composite electrode induced by
the incorporation of TMO powder/nanoparticles.

Figure 1.26 (a) A schematic diagram showing the formation of graphene/VNW
composite; (b) SEM micrographs of the surface and cross-section of the graphene paper
(inset); (c) Surface morphology of graphene/VNW composite paper. Inset shows a
digital image and cross-sectional SEM image of the flexible freestanding
graphene/VNW paper [119].

Other

than

graphene-TMO,

graphene-conducting

polymers

composite

films/papers are the more promising candidates for flexible electrodes. Combining
graphene with conducting polymers, affords ability to obtain lightweight, high
performance composite materials. The mechanical strength of composites materials can
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also be enhanced with the introduction of conducting polymers. The biocompatibility of
conducting polymers, also enable potential use for biomedical applications.
Polypyrrole (PPy), a low-cost, high-capacitance and environmentally stable
conducting polymer, has been the subject of research for a supercapacitor or battery
electrode for a considerable time. As a pseudocapacitance material, PPy stores and
releases charges through redox processes associated with the π-conjugated polymer
chains. It can provide a theoretical capacitance of up to 620 F g-1 (with 0.33 dopant
level), and large volumetric capacitance of 400-500 F cm-3 [44]. The properties of PPy
can be further enhanced by forming composites between PPy and carbon materials such
as graphene.
Flexible, uniform graphene-PPy composite film was created through a pulsed
electropolymerization technique on the graphene paper substrate (Figure 1.27) [120].
The flexible electrode affords high performance benefiting from the pseudocapacitive
contribution from PPy, while still maintaining the inherent flexibility of graphene
papers. By adjusting the electropolymerization time, a high specific capacitance of 237
F g-1 was obtained for the composite electrode using a moderate deposition time of 120
sec. This flexible supercapacitor film exhibited a very high energy and power density of
33 Wh kg-1 and 1184 W kg-1, respectively, at a scan rate of 0.01 V s-1.
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Figure 1.27 (a) Diagram of the apparatus used to deposit PPy on graphene paper and
electrochemical testing. (b) Electrodeposition potential waveform used in the deposition.
(c) Photographs showing the flexibility of graphene-PPy films [120].

Li et al. reported on a mechanically strong flexible rGO/PPy fibre paper prepared by a
simple filtration method from a rGO and PPy fibre hybrid solution [121]. PPy fibres
were uniformly distributed within the graphene sheets, creating enormous amount of
pores for charge carrier storage/release. The mechanical strength of the composite paper
was also enhanced by the interlayer distributed PPy nano-fibres. Such paper electrode
can be assembled into a solid-state supercapacitor with polymer electrolyte polyvinyl
alcohol-phosphate acid, to obtain a high capacitance of 345 F g-1 at 1 A g-1 and an
excellent cycling stability (9.4% drop after 1000 cycles).
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1.5

Thesis Objective
In summary, from the literature survey, free-standing graphene based flexible

electrodes have shown great potential for application in flexible energy storage devices.
However, the densely packed flexible graphene paper electrodes suffer from the
restacking problem that occurred during the paper forming process, which leads to loss
of effective surface area and limited ion transport, resulting in the deteriorated
electrochemical performance. Fabricating flexible graphene-TMO electrodes can
increase the capacity/capacitance. However, the performance of graphene-TMO
composites under higher current rate or after long-term cycling is still unsatisfactory.
Alternatively, construction of 3D structured flexible graphene macro-assemblies can
effectively reduce the graphene restacking level, but deteriorate the mechanical strength.
The existence of porosity leads to low areal loading mass, resulting in relatively low
areal capacity/capacitance.
This thesis, therefore, aims to address the above stated problems by developing
superior flexible graphene-based materials with 3D structure networks. Such materials
are expected to combine excellent electrochemical performance with good mechanical
strength. The improvement of areal capacitance is also a focus of attention, by making
graphene-polypyrrole composite films. In addition, graphene obtained via directly
solvent exfoliation from expanded graphite, other than commonly used graphite oxide
exfoliation method, is also studied and used as building blocks for construction of
flexible electrodes. Description of the experimental chapters in this thesis are given
below.
Chapter 3 describes a graphene paper with porous structure prepared through
pressing freeze-dried

graphene

cryogel
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originated

from

chemically reduced

graphene/graphene oxide hybrid dispersion precursor. Generally, graphene cryogel
paper originated from pure graphene oxide precursor presents poor mechanical
properties. To improve the mechanical properties, chemically reduced graphene (CRG)
is introduced into the graphene oxide precursor solution. Since CRG have much less
functional groups than GO, it can decrease the entrapped water content associated with
H-bond during formation of the graphene cryogel. Lower water content in precursor
cryogel leads to better H-bond networks in the formed paper, resulting in better
mechanical strength. Such graphene cryogel paper demonstrates much higher capacity
as a LIB anode, as well as the enhanced mechanical strength compared to pure reduced
GO cryogel paper. However, mechanical pressing does result in partial loss of porous
structure and, hence, performance. Therefore, an alternative approach to obtain porous
structured graphene paper is reported in the next chapter (Chapter 4).
To avoid the partial loss of porous structure during mechanical pressing of
graphene cryogel, the work in Chapter 4 further developed a novel approach to obtain
porous structured graphene paper without pressing. Such graphene paper with
interconnected porous structure is prepared by freeze-drying of a filtrated graphene
oxide wet gel. The porous graphene paper has a similar porous network as freeze dried
graphene aerogel, yet mechanically robust and flexible. The porous structure within the
graphene paper can enable easier access for ions and electrolytes, leading to an
improved electrochemical performance. The porous graphene paper based LIBs and all
solid-state

flexible

SCs

are

studied

and

evaluated,

demonstrating

high

capacity/capacitance.
The graphene based flexible electrodes prepared by this freeze drying method
present promising gravimetric capacitance, but deliver a low areal capacitance due to
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their low areal loading mass. Therefore, further work was done to address this problem,
as reported in the next chapter (Chapter 5).
Chapter 5 demonstrates a novel flexible PPy/chemically reduced graphene (CRG)
hybrid paper with an enhanced areal capacitance by electrochemical synthesis of PPy on
paper-like CRG gel. The PPy is grown uniformly inside the paper-like graphene gel. It
can effectively separate graphene sheets and also provide large pseudocapacitance that
imparts to the obtained paper excellent electrochemical performance. With the increased
areal loading mass, the flexible composite electrode is allowed to present higher areal
capacitance.
The graphene used in our previous work originated from exfoliation of graphite
oxide. Such method has its shortcomings including strong oxidative and corrosive
reagent used, time-consuming procedure, and the graphene with defected structure
produced. Surfactant assisted liquid phase exfoliation (LPE) can overcome the above
disadvantages. However, the surfactant is difficult to be completely removed. Thus the
obtained graphene from this dispersion demonstrates deteriorated electrochemical
activities. To overcome these shortcomings mentioned above, Chapter 6 describes
further work in the development of a tandem strategy to obtain flexible graphene/PPy
nanofibre (PPyF) film electrode using graphene originated from surfactant assisted LPE.
PPyF is synthesized directly in the exfoliated graphene (DEG)/surfactant dispersion
using surfactant as the template. The PPyF benefits the forming of flexible film by
binding the DEG platelets. It can also provide pseudocapacitance to the composite
electrode. Electrochemical performances of such flexible DEG-PPyF film have then
been optimized and studied.
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2 Experimental
2.1

List of Chemical Reagents and Materials

Chemicals and reagents used in this work are listed below. They were used as received
unless otherwise stated.

Reagents/Materials

Formula

Grade/batch

Supplier

Ammonium persulfate

K2S2O8

Analytical

Ajax Finechem

Ammonia solution

NH3∙H2O

Analytical, 28%

Ajax Finechem

Analytical

Thermofisher

Cetrimonium bromide
Electrolyte for lithium-

Guotai-Huarong

1 M LiPF6 in EC/DMC

---

C

Analytical, 3772

Asbury Carbon

Graphite

C

Analytical

Fluka

Hydrazine hydrate

N2H4∙xH2O

Hydrochloric acid

HCl

Analytical, 32%

Ajax Finechem

Hydrogen peroxide

H2O2

Analytical, 30 %

Ajax Finechem

Analytical

Alfa Aesar

ion batteries
Expandable graphite
flake

Analytical, 50-60
%

L-ascorbic acid

Lithium foil

Li

Lithium sulfate

Li2SO4∙H2O

Phosphorus pentoxide

P2O5

--Analytical,
monohydrate
Analytical
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New Chemical

Sigma-Aldrich

Ganfeng
Lithium
Sigma-Aldrich
Sigma

0.22 μm, ⌀47/92

Polycarbonate

---

membrane filter

Merck Millipore

mm
Analytical,
MW 85, 000-124,

Poly(vinyl alchohol)

Sigma

000
Potassium
permanganate
Potassium persulfate

KMnO4

Analytical

Chem Supply

K2S2O8

Analytical

Sigma-Aldrich

Analytical,

Pyrrole

distilled

Sodium ptoluenesulfonate
Sulfuric acid

2.2

H2SO4

Sigma-Aldrich

Analytical

Sigma-Aldrich

Analytical, 98%

Chem Supply

General Synthesis and Device Assembly

2.2.1 Synthesis of graphene oxide
Graphite oxide was synthesized from natural graphite flakes by the modified
Hummers method following the procedures as described below [1, 2]. The first step was
pre-oxidation of graphite. K2S2O8 (2.5 g) and P2O5 (2.5 g) were dissolved into
concentrated H2SO4 (98%, 12 mL) and heated to 80 °C. After P2O5 was fully dissolved
to form a clear solution, graphite powder (3 g) was added and stirred for 4.5 h at 80 °C.
The formed mixture was cooled down to room temperature and diluted with deionised
(DI) water (0.5 L) and left overnight. Then the mixture was filtered and the filter cake
was washed several times with DI water. The obtained product was dried in a vacuum
oven at 70 °C overnight.
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Subsequently, concentrated H2SO4 (120 mL) was firstly cooled to ~0 °C in an
ice-water bath, then the as-prepared pre-oxidized graphite was added. After graphite
was well dispersed, KMnO4 (15 g) was gradually added under stirring, with temperature
of mixture solution controlled below 20 °C. The oxidation of graphite was proceeded
with stirring at 35 °C for 2h, then DI water (250 mL) was added with temperature
controlled lower than 40 °C. This reaction mixture was left for another 2h, followed by
addition of DI water (0.7 L). The 30 % H2O2 (20 mL) was added into the above diluted
solution, and the colour of the mixture turned to bright yellow along with bubbling.
After filtration, the filter cake was washed with HCl aqueous solution (1:10) to remove
metal oxide residues. The resulting graphite oxide was dried in a vacuum oven at 50 °C
overnight to evaporate HCl, then re-dispersed in water for dialysis for one week to
remove the residual HCl and metal ions contained. Exfoliation of graphite oxide to
graphene oxide (GO) was achieved by ultrasonication of the dispersion using a Branson
Digital Sonifier for 30 min (2s on, 1s off, 30 % amplitude). The concentration of the
obtained GO dispersion can be confirmed by measuring the weight of GO from the
dried solution of a known volume.

2.2.2 Preparation of stable aqueous CRG solution
In this thesis, reduced graphene oxide obtained through wet chemical reduction
method is named as chemically reduced graphene (CRG), while rGO refers to reduced
graphene oxide obtained from thermal reduction. CRG aqueous solution was prepared
by reduction of GO solution using hydrazine in the presence of ammonia solution, [3]
and it is described briefly as follows. Ammonium solution (28 wt%, 168 µL) and
hydrazine hydrate (138 µL) were added into 1.5 mg mL-1 GO dispersion (40 mL) while
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stirring. The resultant mixture was then stirred at 95°C for 1h to complete the reduction.
The as-prepared CRG solution was diluted to give 1 mg mL-1 and 0.4 mg mL-1
solutions.

2.2.3 Fabrication of graphene paper/wet gel
The GO or CRG paper was formed by vacuum assisted filtration through
polycarbonate membrane filter (pore size 0.22 μm, diameter 47 or 92 mm) (Figure 2.1)
[4, 5]. The self-assembly of graphene sheets is driven by the force balance between the
electrostatic repulsion and inter-planar interactions within graphene sheets [6]. Freestanding GO or CRG paper can be easily peeled off after drying. The paper-like
graphene wet gel can also be prepared via filtration by terminating the process when a
small amount of water remained on the gel surface [7].

Figure 2.1 Schematic of a filtration set for making graphene paper/wet gel.
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2.2.4 Electrochemical deposition of polypyrrole
Electrochemical deposition was carried out in aqueous solution using a standard
three-electrode system, which consists of a working electrode (conductive substrates),
counter electrode (platinum or stainless steel mesh) and reference electrode (Ag/AgCl
reference electrode) (Figure 2.2). The polymerization can occur under constant applied
current/potential or dynamic potential.

Figure 2.2 A three-electrode cell setup for electropolymerization.

2.2.5 Lithium-ion coin cell and supercapacitor assembly
Since the materials used in my thesis were conductive, free-standing film/paper,
they were used directly as electrodes. The conventional slurry mixing and casting
procedures involved in the fabrication of conventional electrodes were no longer
needed. The film/paper was cut into pieces for use. The coin cell (LR 2032 type) was
assembled in an argon-filled glovebox. Figure 2.3 shows the schematic configuration of
a coin cell, where the lithium foil and graphene paper act as two electrodes. They are
separated by a porous polypropylene membrane, in an electrolyte solution of 1 M LiPF6
dissolved in the mixed solvent of ethylene carbonate (EC) and dimethyl carbonate
(DMC) (1:1 v/v).
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Figure 2.3 Lithium-ion coin cell configuration.

Similar to lithium-ion coin cell fabrication, the graphene based films/papers were
cut into pieces and directly used as supercapacitor electrode. A symmetric
supercapacitor was assembled into a Swagelok®-type two electrode testing cell. The
testing cell consists of a Teflon chamber, two stainless steel plungers and two stainless
steel caps. (Figure 2.4) The graphene based film/paper pieces were contacted with the
plunger, and separated by the separator. The electrolyte of 1M H2SO4 or 1M Li2SO4
was filled in the Teflon chamber.

Figure 2.4 Configuration of Swagelok®-type testing cell for supercapacitor.
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2.3

Physicochemical Properties Characterization Techniques

2.3.1 Scanning electron microscope
The scanning electron microscope (SEM) is a type of electron microscope used to
observe the morphology of samples (Figure 2.5). The samples are scanned by a highenergy focused beam of electrons, and then the signals produced are collected and
analyzed from the secondary electrons, back-scattered electrons, characteristic X-rays,
transmitted electrons, etc. The electron beam’s position coupled with the detected signal
forms the images of the specimen that contains information about topography and
composition.

Figure 2.5 Illustration of a scanning electron microscope [8].

Energy-dispersive X-ray spectroscopy (EDX or EDS) is generated by collecting
and analyzing the X-ray signals produced by electron beam stimulation. It provides the
elemental analysis or chemical characterization of the specimen. In this thesis, SEM
images were obtained from a JEOL JSM-7500FA field emission SEM, typically at an
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acceleration voltage of 5.0 kV and emission current of 10 μA. EDX spectroscopy was
conducted using a Bruker X-Flash 4010 energy dispersive X-ray (EDX) detector on a
JEOL JSM-7500FA, with a 15.0 kV acceleration voltage and a 20 μA emission current.

2.3.2 Atomic force microscopy
Atomic force microscopy (AFM) is a type of high-resolution scanning probe
microscopy, with resolution of several nanometers. The probe in the AFM is a
cantilever with a sharp tip. When scanning over the material’s surface, forces between
the tip and sample lead to a deflection of the cantilever which can be detected using a
laser spot which is reflected from the surface of cantilever (Figure 2.6). Using an AFM,
it is possible to measure the roughness of a sample surface at a high resolution. In this
work, an Asylum MFP-3D AFM is applied for topographical scanning to measure the
film thickness.

Figure 2.6 Diagram of the basic principle of an AFM [9].
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2.3.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative
spectroscopic technique. The spectra are obtained by analyzing the kinetic energy and
number of electrons from the sample stimulated by an X-ray beam. The energy of the
emitted electrons are characteristic of the material. XPS spectra can reflect the
information

from

the

material

surface

including

elemental

composition,

chemical/electronic state of each element, and empirical formula. In this project, XPS
was acquired using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum
chamber with pressure < 10-8 mbar. X-ray excitation was provided by Al Kα radiation
with photon energy of 1486.6 eV at a voltage of 12 V and a power of 120 W. XPS data
analysis and peak fitting were carried out by applying CasaXPS 2.3.16 software.

Figure 2.7 Schematic of XPS physics [10].

2.3.4 X-ray diffraction
In X-ray diffraction (XRD), the X-ray beam directed is incident on the materials
surface and interacts with the atoms in the crystal. A portion of the X-ray beam will
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then be scattered/diffracted due to the interaction within the crystal structure, at a welldefined angle (2θ) with the incident beam. The diffraction pattern for an element or
compound is unique, which is related to the crystal structure. The average spacing d
between layers or rows of atoms can also be determined by the incident X-ray
wavelength λ and angle θ, following Bragg’s Law:
𝑛𝜆 = 2𝑑𝑠𝑖𝑛

(2.1)

Figure 2.8 Representation of the X-ray diffraction principle.

XRD was applied by use of a GBC MMA XRD at a scanning rate of 2°min -1 in a 2θ
range of 5-80, using Cu Kα X-ray (λ =1.54 Å ).

2.3.5 Raman spectroscopy
Raman spectroscopy is a spectroscopic technique used to investigate vibrational,
rotational modes in materials. It relies on Raman scattering from a laser in visible, near
infrared or near ultraviolet range. The laser light interacts with molecular vibrations,
phonons or other excitations, resulting in the energy of the laser photons being shifted
down or up. Raman spectroscopy yields similar but complementary information as
infrared (IR) spectroscopy. The absorbance spectra containing different types of
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vibrations are characteristic of each molecule. In this study, Raman spectroscopy was
measured by a Jobin-Yvon Horbia 800 using 632.81 nm laser.

Figure 2.9 Energy-level diagram showing the states involved in Raman signals [11].

2.3.6 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is performed on samples to determine changes
in weight in relation to temperature change. It can provide information about
chemisorption, dehydration, decomposition, etc. Measurements related to this thesis
were conducted using a Q500 TGA analyzer, at a ramp rate of 5 °C min-1 under nitrogen
atmosphere between room temperature to 600 °C. The samples were dried in vacuum at
70 °C overnight prior to the measurements.

2.3.7 Zeta potential measurement
Zeta potential measurement is used to determine the surface charge of the
particles suspended in a liquid. The zeta potential is the potential difference between the
dispersion medium and the stationary layer of fluid attached to the dispersed particles.
Small particles do not form agglomerates when there are large mutually repulsive
electrostatic charges, so the zeta potential is highly related to the stability of colloidal
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suspensions. The threshold region of either coagulation or dispersion exists from about
±14 mV to ±30 mV. Values more electronegative or electropositive than 30 mV
generally represent sufficient mutual repulsion to result in stable dispersions. In our
thesis, zeta potential measurements were carried out by use of a Zetasizer (Malvern
Instruments Ltd., UK).

2.3.8 Ultraviolet-visible spectroscopy
Ultraviolet-visible spectroscopy (UV-vis) is routinely used for the quantitative
determination of transition metal ions, highly conjugated organic compounds, and
biological macromolecules. Molecules containing π-electrons or non-bonding electrons
(n-electrons) can absorb the energy in the form of ultraviolet or visible light to excite
these electrons to higher anti-bonding molecular orbitals. UV-vis measures such
transitions from ground state to excited states. Following the Lambert-Beer law, the
UV-vis spectra can be used to determine the concentration of solutions. By definition of
the Lambert-Beer law, the absorbance of material sample A is related to the
concentration of the solution c (mol L-1) of sample and the length of the light path l (cm).
𝐴 = log

𝐼0
= 𝜀𝑐𝑙
𝐼

(2.2)

The constant ε (L mol-1 cm-1) is called the molar absorptivity or molar extinction
coefficient. Our UV-vis spectra were recorded with a UV spectrophotometer (UV-1800,
Shimadzu).
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2.3.9

Conductivity measurement
The conductivity of graphene films/papers were measured by a Jandel Model

RM3 four probe system. A four probe system uses separate pairs of current-carrying
and voltage-sensing electrodes to eliminate the lead and contact resistance from the
measurement. It provides more accurate measurements than the two-terminal sensing.
As shown in Figure 2.10, current is applied via connections 1 and 4, whilst the sheet
resistance is determined from the measured voltage between connections 2 and 3. The
conductivity of films σ (S cm-1 or S m-1) can be calculated from the sheet resistance R
(Ω) using Equation 2.3:
𝜎=

1
𝑅𝑙

(2.3)

where l (cm or m) is the thickness of the film.

Figure 2.10 Schematic of a four-point resistance measurement [12].

2.4

Electrochemical Properties Characterization Techniques

2.4.1 Cyclic voltammetry
Cyclic voltammetry (CV) is a potentiodynamic electrochemical measurement,
which can investigate the kinetics of electron transfer in an electrochemical reaction at
the interface of working electrode. It measures the resulting current developed in an
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electrochemical cell by cycling the potential of a working electrode. The applied
potential ramps linearly versus time. The potential change as a function of time is called
scan rate.

Figure 2.11 A classical triangular waveform used in cyclic voltammetry.

When the potential reaches the point where a reaction occurs, the current will increase
and form a peak. In a redox reaction, pairs of peaks appear when the potential is
scanned in different directions. The oxidation and reduction potentials can be estimated
from the peak position, and the peak area allows quantification of the charge passed
during oxidation and reduction. Moreover, the potential difference between the peaks of
oxidation and reduction provides an assessment of the reversibility of an
electrochemical reaction.
In this study, CV was mainly used to study the electrochemical redox processes
or capacitive properties of the electrode materials or devices. The measurement for
lithium-ion coin cells was performed using a SI1287 Electrochemical Interface
(Solartron analytical, USA). For supercapacitor evaluation, the CV tests were conducted
by use of a CHI 650D (CH Instruments, Inc).
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2.4.2 Galvanostatic charge/discharge
The galvanostatic charge/discharge test is a kind of chronopotentiometry method,
which measures the resulting potential as a function of time with constant current
applied to the working electrode. In a galvanostatic charge/discharge test, the constant
anodic/cathodic current applied causes the electroactive species to be oxidized/reduced.
It can be used to characterize the capacity/capacitance and cycle performance of the
materials. In this thesis, the charge/discharge for supercapacitors were measured by
using a BTS3000 battery test system (Neware Electronic Co.). The capacity and cycle
performance of lithium-ion battery electrodes were tested by use of a Land battery test
system (Wuhan Jingnuo, China).

2.4.3 Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) measures the impedance of a
system with a small AC potential applied over a range of frequencies. It can reveal the
electrochemical processes in an electrode material such as electron transfer and mass
transport. Data obtained by EIS can be expressed graphically in a Bode plot or a
Nyquist plot. The Nyquist plot is obtained by plotting the real part of impedance on the
X-axis and the imaginary part on the Y-axis of a chart. Another data presentation
method, Bode Plot, is plotted with the logarithmic value of frequency on the X-axis and
the absolute values of the impedance and/or phase shift on the Y-axis. In this study, EIS
was performed using a Gamry EIS 3000 system, and the frequency range spanned from
100 kHz to 0.01 Hz with an AC amplitude of 10 mV at open circuit potential. The EIS
results were analyzed by using Zview software.
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3 Graphene Cryogel Paper with Enhanced Mechanical Strength for
High Performance Lithium-ion Battery.
This chapter is adapted from the research article entitled “Graphene cryogel papers
with enhanced mechanical strength for high performance lithium battery anodes” by
Shu, K.; Wang, C.; Wang, M.; Zhao, C.; Wallace, G. G. in Journal of Materials
Chemistry

A

2014,

2

(5),

1325-1331.
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3.1

Introduction
Graphene possesses the advantages of high specific surface area and excellent

electronic transport properties. It has been extensively investigated as battery or
supercapacitor material, offering excellent electrochemical properties, high energy and
power densities [1-4]. The flexible graphene or graphene oxide (GO) paper can also be
easily fabricated by flow-directed graphene nanosheets assembly [5, 6]. Superior
electrochemical properties are expected as that from the graphene powder [1-3, 7, 8].
However, its performance was far from satisfactory. It delivered a low reversible
discharge capacity of 84 mAh g-1 at a current density of 50 mA g-1, but the reversible
capacity increased to 301 mAh g-1 after removing some oxygen containing functional
groups in our previous report [9]. It can be explained that the aggregation or restacking
of the graphene nanosheets due to the strong π-π stacking, which limits the available
surface area, retards its electrochemical properties.
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To obtain a porous/non-compact graphene paper with high charge capacity,
several strategies such as leavening, template-directed assembly and cavitationchemical oxidation are applied [10-12]. The “wet” graphene paper, with solvents as the
spacer preventing the graphene nanosheets restacking [13], delivered a specific
capacitance of 156.5 F g-1 at an ultrafast charge-discharge rate of 1080 A g-1. Graphene
paper with open pores can also be formed, with cavities due to gas release during the
chemical reduction of GO paper. Such paper delivered a greatly improved specific
capacitance of 110 F g-1 at 0.5 A g-1 in comparison with that of 17 F g-1 for highly
packed graphene paper [10]. By using polymer microspheres as the template, a
macroporous graphene paper with controlled pore size was fabricated by flow-directed
self-assembly method. The macroporous graphene paper exhibits a capacitance of 49.2
F g-1 at 3.0 A g-1 [12].
More recently, a folded structure graphene paper was made from a freeze-dried
GO cryogel and subsequent thermal reduction. It presented significantly improved
performance in lithium batteries compared to the graphene paper by filtration, which
can maintain a reversible capacity of 568 mAh g-1 at 100 mA g-1 after 100 cycles [14].
However, this paper was brittle and fragile due to its loose-packed layered structure.
The thermal reduction of such GO cryogel paper further deteriorates its mechanical
properties.
In this work, chemically reduced graphene (CRG) was introduced into the GO
dispersion as the precursor solution for making the graphene cryogel. CRG possesses
much less functional groups than GO. The introduction of CRG can decrease the
entrapped water content associated with H-bonding in the formed graphene cryogel,
which are expected to result in cryogel with better mechanical properties. The rationale
is that the mechanical properties of graphene paper were essentially controlled by H104

bond networks which strength can be enhanced with decreased water content within the
interlayer cavities [15]. Our results clearly demonstrate that the mechanical properties of
the graphene paper are remarkably enhanced with the increasing ratio of CRG. In
addition, those CRG/GO hybrid papers all display excellent performance as anode in
lithium ion battery, especially at high current densities.

3.2

Experimental Specific to This Chapter

3.2.1 Synthesis of graphene oxide (GO) and CRG dispersion
The synthesis of GO and CRG dispersion was described in Chapter 2
(Experimental). The dispersion was diluted to the required concentration for testing and
paper fabrication.
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3.2.2 Fabrication of Graphene Cryogel Paper and Coin Cell Assembly
Table 3.1 Recipe for precursor solution with different CRG/GO ratio
Ratio CRG/GO

Recipe for precursor solution

GO

---

10 mL 2.4 mg mL-1 GO

GO-CRG-5

1:5

3.3 mL 6 mg mL-1 GO+ 10 mL 0.4 mg mL-1 CRG

GO-CRG-2

1:2

2.7 mL 6 mg mL-1 GO+ 20 mL 0.4 mg mL-1 CRG

GO-CRG-0.5

2:1

1.3 mL 6 mg mL-1 GO+ 16 mL 1 mg mL-1 CRG

The as-prepared CRG solution was diluted to give a concentration of 1 mg mL-1
and 0.4 mg mL-1. The CRG/GO precursor hybrid solution was obtained by directly stirmixing the GO and CRG solution. The CRG/GO mass ratios used in this work were 1:5,
1:2 and 2:1. The detailed information is listed in Table 3.1. The resultant hybrid solution
was transferred into a 50 ml beaker and subjected to a freezing-drying process to form a
cryogel, which included an 8 h freezing at -30°C and a 36 h freeze-drying. The hybrid
(CRG/GO) papers were obtained by pressing the cryogels at 20 MPa, and named as
GO-CRG-0.5, GO-CRG-2 and GO-CRG-5 according to the mass ratio of GO to CRG.
The reduced graphene (rGO) papers were obtained using thermal reduction of the GO or
hybrid papers at 220°C in air for 2h. Correspondingly, they are named as rGO-CRG-0.5,
rGO-CRG-2 and rGO-CRG-5, respectively. A pure rGO paper was also prepared using
the same method for comparison. In addition, graphene paper was also prepared by
filtration of 0.4 mg mL-1 CRG solution (60 mL). The graphene papers were assembled
into LR 2032 type coin cells coupled with lithium metal anode for electrochemical
properties testing including CV, charge/discharge and EIS. The electrolyte used was 1
M LiPF6 in 1:1 (v/v) ethylene carbonate/dimethyl carbonate.
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3.2.3 Characterization techniques
Conductivity measurements were carried out on a Jandel RM3 Conductivity
Meter using a four-point probe method. The morphology was investigated using a fieldemission scanning electron microscope (FESEM, JEOL JSM7500FA). XRD
measurements were performed on an Australian GBC Scientific X-ray diffractometer
(Cu Kα radiation, λ=1.5418 A˚) at a scan rate of 2° min-1. The thermal properties were
characterized by TGA (Q500, TA instruments). The measurements were tested under
nitrogen at a ramp rate of 5°C min-1. Zeta potential measurements were carried out by
Zetasizer (Malvern Instruments Ltd., UK). Uniaxial in-plane tensile tests were studied
using a Shimadzu EZ mechanical tester. The samples with a dimension of
approximately 3×15 mm2 were used for mechanical testing at a cross head speed of 1
mm min-1. Galvanostatic charge/discharge tests were performed using a LAND
CT2001A battery test system (Wuhan Jinnuo Electronics Co. Ltd.) over a potential
range of 0.005–3.0 V (vs. Li/Li+). Cyclic voltammetry of the cells was tested using a
Solartron SI 1287 and scanned between 0.0 to 3.0 V (vs. Li/Li+) at a rate of 0.1 mV s−1.
Electrochemical impedance spectroscopy (EIS) measurements were performed using a
Gamry EIS 3000 system, and the frequency range spanned from 100 kHz to 0.01 Hz
with an amplitude of 10 mV at open circuit potential.

3.3

Results and Discussion

3.3.1 Characterization of chemically reduced graphene dispersion
The UV-vis spectra are used to evidence the reduction of GO. After reduction,
the absorbance peak shifted from 270 nm (GO) to 230 nm (CRG) (Figure 3.1a). This
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blueshift is caused by the recovery of conjugation structure upon hydrazine reduction
[16]. It is believed that the formation of stable graphene colloid dispersion is attributed
to the electrostatic repulsion, which relies on the surface charge of particles. So the
surface charge of GO and the obtained CRG was examined through zeta potential
measurements. As it is well known from colloidal science, zeta potential values over 30
mV are generally considered to ensure the stability of a colloidal dispersion [17]. Our
GO colloidal dispersion was highly negatively charged, with a zeta potential of -42.7
mV. Equivalent zeta potential of -42.2 mV was acquired from the CRG dispersion,
showing it was also a stable colloid dispersion with highly negative charge after
reduction. Such stable CRG dispersions were able to remain thus over weeks. AFM
images of CRG are shown in Figure 3.1b. The sample was prepared by drop-casting the
diluted CRG dispersion onto a silicon wafer. From the AFM images, single graphene
sheets which were several hundred nanometres in size and around 2~3 nm in thickness
could be easily found, indicating successful exfoliation.

Figure 3.1 (a) UV-vis spectra of GO and CRG dispersion; (b) AFM images of CRG.
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3.3.2 Characterization of graphene cryogel paper
The as-prepared cryogel shows an interconnected three-dimensional porous
network (Figure 3.2) with the pore wall composed of graphene sheets. The pores are
formed due to the sublimation of ice crystal during the freeze drying process, and its
size is in the range of tens of micrometres to sub-millimetres [9]. The graphene cryogel
paper can be easily obtained by pressing the cryogel at 20 MPa, followed by thermal
annealing at 220°C for 2h in air. Figure 3.2e, f are the photographs of the cryogel and
pressed paper respectively. Such cryogel paper afforded good flexibility as
demonstrated in Figure 3.2f. The thickness of all the graphene papers was around 20 µm
with a conductivity of approximately 2-5 S cm-1.
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Figure 3.2 SEM images of (a) rGO-CRG-0.5, (b) rGO-CRG-2, (c) rGO-CRG-5 and (d)
rGO cryogels. Photograph of (e) rGO-CRG-0.5 cryogel and (f) rGO-CRG-0.5 paper.

Figure 3.3 shows the surface and cross-section morphology of the graphene
cryogel paper. The graphene paper exhibits a rough surface containing graphene folds
with uniform size (Figure 3.3a), quite different from the smooth surface of that
graphene paper fabricated by flow-directed filtration (Figure 3.3c). A loosely-packed
layered structure can be observed through the cross-sectional view of the graphene
110

paper (Figure 3.3b), in comparison with the compacted graphene layers structures for
graphene paper formed by filtration (Figure 3.3d).

Figure 3.3 SEM images of the surface morphology and cross section of rGO-CRG-0.5

paper (a, b) and CRG paper by filtration (c, d). (f inset: cross section of CRG by
filtration at higher magnification, scale bar, 1 μm)

X-ray diffraction (XRD) patterns of the hybrid paper and GO paper before and
after reduction are shown in Figure 3.4a. GO paper displayed a strong and sharp peak at
9.8° (2θ), same as that reported for GO solids and GO paper [18, 19]. This strong
diffraction is derived from the interspacing between the stacking layers of GO sheets,
which corresponds to a d-spacing of ~ 0.91 nm. After thermal reduction, a broad peak at
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24° (2θ) is presented for rGO paper, which corresponds to an average interlayer spacing
of 0.37 nm [20]. Compared to GO paper, the hybrid papers displayed two peaks, close
to 10° and 24°. The former belongs to (0 0 2) diffraction of GO, and the latter can be
ascribed to (0 0 2) diffraction of rGO. The (0 0 2) peak intensity decreased
correspondingly with the decreased GO content in this hybrid. For GO-CRG-5 paper,
there is no pronounced rGO peak due to its low content.
The TGA curves of the graphene paper with different CRG/GO ratio are shown
in Figure 3.4b. The weight loss below 100 °C can be attributed to the evaporation of
absorbed water. The hydrophilic GO paper demonstrated a substantial loss of
approximately 10% in this temperature range. The major weight loss of GO paper
occurred near 150°C, which may be caused by pyrolysis of oxygen-containing groups
[19]. The temperature range between 100-200°C is mainly where the decomposition of
oxygen-containing groups on GO in these hybrid papers occurred. The weight losses
were 25%, 17%, 13% and 7% for GO, GO-CRG-5, GO-CRG-2, GO-CRG-0.5
respectively. The decreasing weight loss in that temperature range indicates the ratio
change of GO in the hybrid papers. For all of the papers, the weight loss in the
temperature range between 200 °C and 500 °C was about 10%, which was probably due
to the decomposition of some residual oxygen-containing groups [6]. The total weight
losses between 100°C to 600°C for rGO, GO-CRG-0.5, GO-CRG-2, GO-CRG-5 and
rGO were 9%, 14%, 30%, 35% and 53% respectively.
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Figure 3.4 (a) XRD patterns of GO and hybrid papers; (b) TGA curves of graphene
papers with different CRG/GO ratio.

The mechanical properties were tested in uniaxial tension of the graphene papers
strips. The stress-strain responses of graphene papers with different CRG/GO ratios are
shown in Figure 3.5. These curves show a straightening behaviour at the beginning
followed by roughly linear behaviour and then plastic deformation behaviour, similar to
that for graphene paper fabricated by a filtration method [5]. The ultimate tensile strain
for the hybrid graphene papers was 1.5 %, twice as much as the value of rGO paper
(0.75 %). The Young’s modulus can be calculated from the initial slope of the stress
strain curve, and it was 58, 92, 179 and 510 MPa for rGO, rGO-CRG-5, rGO-CRG-2
and rGO-CRG-0.5, respectively. It can be clearly seen that the mechanical properties of
the graphene papers were improved with the increasing ratio of CRG. It is believed that
lower water content in graphene papers lead to better H-bond networks making the
graphene paper stiffer [15]. The increase of mechanical strength resulted from the lower
water content of the hydrophobic CRG sheets compared to hydrophilic GO sheets. In
addition, the hybrid paper with higher GO content may also have suffered from the
structural destruction caused by pyrolysis of oxygen-containing groups during the
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thermal reduction, resulting in poorer mechanical properties. It should also be pointed
out that these graphene papers presented much lower modulus compared to the flowdirected assembled graphene paper [5], which can be ascribed to their loosely packed
structure.

Figure 3.5 Stress-strain curves of graphene papers with different CRG/GO ratio.

3.3.3 Electrochemical performances as a LIB anode
The electrochemical properties of these graphene papers as binder-free electrode
for lithium batteries were evaluated by galvanostatic charge/discharge in the potential
range from 0.005 to 3.0 V. The first and second cycle charge/discharge profiles of these
graphene paper electrodes with different CRG/GO ratios at a current density of 50 mA
g-1 are shown in Figure 3.6. The irreversible capacity around 0.75 V can be associated
with the formation of solid electrolyte interface (SEI) layer in the first cycle. The
reversible capacity below 0.5 V should be due to lithium binding on the basal plane of
the graphene sheets. The capacity between 0.5-1.5 V may be ascribed to the faradic
114

capacitance on the surface or on the edge sites of graphene sheets [4]. All of the
graphene cryogel papers exhibited much similar performance, with discharge capacities
varying from 900 to 1100 mAh g-1. They all presented an irreversible capacity between
the first and second discharge cycle. Take rGO-CRG-0.5 paper as an example, it
delivered a first discharge capacity of 903 mAh g-1, then the discharge capacity dropped
to 642 mAh g-1 at the second cycle (Figure 3.6d). The hybrid graphene cryogel paper
exhibited a much higher reversible capacity compared to that graphene paper obtained
by filtration, which showed a capacity of 229 mAh g-1 only in the second discharge at
the same current density (Figure 3.6e). The Coulombic efficiency of these graphene
cryogel papers was about 60-70% during the initial discharge/charge cycle. This high
Coulombic efficiency and high reversible capacity could be attributed to the increased
active sites provided by the porous and loose-packed structure in graphene cryogel
papers [14]. In the compact graphene paper, the compact stacked graphite-like structure
could possibly reduce the number of active sites and also hinder the electrolyte
penetration, result in low coulombic efficiency (<30%) during the first discharge/charge
cycle [9, 18, 21]. The rGO-CRG-0.5 paper showed equivalent performance to that of
rGO cryogel paper (Figure 3.6c), which had a second discharge capacity of 600 mAh g1

, indicating that the electrochemical performance of the cryogel paper was not affected

by introduction of CRG.
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Figure 3.6 The first and second discharge/charge curves of graphene papers: (a) rGO,
(b) GO-CRG-5 (c), GO-CRG-2, (d) GO-CRG-0.5 and (e) CRG.

The cyclic voltammograms (CV) of the graphene cryogel paper and CRG paper
are shown in Figure 3.7. They all exhibit much similar current response over the
electrochemical window of 0.0 V to 3.0 V (versus Li/Li+). A large cathodic peak
corresponding to lithium intercalation appeared around 0.0 V, and became weaker after
the first cycle due to the lithium intercalation reaction being partially reversible. The
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cathodic peak around 0.75 V indicates the formation of SEI. The cathodic peak at about
1.5 V can be attributed to lithium interactions with the residual functional groups on the
surface or on the edge sites of graphene sheets. The shape of the CV curves matches
well with the discharge/charge profiles.

Figure 3.7 Cyclic voltammograms obtained for graphene papers at a scan rate of 0.1 mV
s-1: (a) rGO, (b) GO-CRG-5, (c) GO-CRG-2, (d) GO-CRG-0.5 and (e) CRG.

117

Figure 3.8a, b present the charge/discharge profiles of graphene cryogel papers
at higher current densities. The performance of CRG paper (filtration) electrode at
higher current densities is not shown here due to it very low discharge capacity even at a
low discharge current density of 50 mA g-1. As can be clearly seen, such graphene
papers possessed high rate discharge/charge capability. For a rGO-CRG-0.5 paper
(Figure 3.9b), at current densities of 200, 500, 1000, 2000 and 3000 mA g-1, the
corresponding reversible capacities can reach 622, 557, 485, 405 and 355mAh g-1,
respectively. The performance of rGO-CRG-0.5 is very close to that of rGO paper,
which showed a reversible capacity of 596, 537, 471, 403 and 357mAh g-1, respectively
(Figure 3.9a). The high rate discharge/charge properties likely originate from enhanced
diffusion of lithium ions into the host sites of graphene sheets due to the folded and
porous structure of the graphene paper. They also displayed a good cyclic performance
and reversibility (Figure 3.9c, d). After 100 cycles at a high current density of 2000 mA
g-1, the rGO-CRG-0.5 paper and rGO paper still maintained a specific capacity of
395 mAh g-1 and 394 mAh g-1, 98.7% and 98.9% of the initial capacity respectively.
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Figure 3.8 Charge/discharge curves of graphene papers at different current densities: (a)
rGO, (b) GO-CRG-0.5. Capacity versus cycle number at a current density of 2000 mA
g-1: (c) rGO, (d) GO-CRG-0.5.

The electrochemical impedance of filtrated graphene paper and graphene
cryogel paper electrodes was measured after 100 cycles, and the Nyquist plot is shown
in Figure 3.9. The semicircle in the medium to high frequency region is related to the
charge-transfer reaction of lithium intercalation, and the inclined line with an
approximate 45°angle to the real axis in the low frequency region corresponds to the
lithium-diffusion process within carbon electrodes [22]. It can be clearly seen from the
EIS curves that the diameter of the semicircle of the graphene cryogel papers is
significantly reduced compared to that for the graphene paper by filtration, indicative of
a lower charge-transfer resistance in the graphene cryogel papers. It matches the results
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that graphene cryogel papers deliver an excellent performance in LIBs. The reduced
charge transfer resistance might be associated with the easy accessibility and
transportation of Li ions and electrolyte due to the wrinkles and folds in these graphene
cryogel papers.

Figure 3.9 Nyquist plots of graphene cryogel papers and the CRG papers.

3.4

Conclusion
In summary, flexible graphene paper with porous structure has been fabricated

by mechanically pressing a graphene cryogel, which was made from precursor solution
with different CRG/GO ratios. The mechanical properties of such graphene paper can
be significantly enhanced with the increase of CRG/GO ratio in the precursor solution.
The introduction of CRG in the precursor solution resulted in a strong graphene paper
without sacrificing its electrochemical performance. They all exhibit enhanced
electrochemical properties compared to that graphene paper fabricated by filtration, i.e.
high discharge capacity, good rate capability and cycling stability. The improved
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performance is originated from the easy accessibility and transportation of lithium ions
in the folded and porous structure. These graphene papers show promise as a new class
of flexible electrodes for wearable or rolling-up devices.
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Wang, C.; Li, S.; Zhao, C.; Yang, Y.; Liu, H.; Wallace, G. in Journal of Materials
Chemistry
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4.1

Introduction
Flexible binder-free graphene or graphene composite electrodes can be easily

fabricated due to the large aspect ratio of graphene sheets. These electrodes have found
applications in flexible batteries/supercapacitors [1-4]. The restacking of graphene
sheets due to strong π –π interactions during the fabrication process deteriorates the
performance as the accessible surface area is decreased limiting the electrochemical
properties. Thus prevention of aggregation of graphene sheets becomes a vital challenge
in constructing such macroscopic structures. Several strategies have been developed to
inhibit the restacking of graphene sheets. The incorporation of spacers can enable the
graphene sheets to remain largely separated in the bulk graphene paper materials.
Spacers used can be surfactants, polymers, nanoparticles and even water [5-8]. An
alternative strategy is to create graphene macroscopic materials with three-dimensional
porous networks with increased accessible surface area and enhanced ion diffusion. The
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approaches to construct such porous graphene macroassembly include: hydrothermal
[9], template-directed CVD, organic sol-gel [10, 11] and freeze drying [12-14].
Freeze-drying is a simple, versatile, low-cost and environmentally friendly
fabrication technique for porous structures [15]. In this process, solutions are frozen in a
cold trap, and followed by removal of the frozen solvents via sublimation under vacuum,
leading to the formation of porous structures. This technology has been widely used to
fabricate porous structure for tissue engineering and biological applications [16].
Recently, freeze casting has been utilized to create porous graphene structures. An
aqueous dispersion of polymer stabilized graphene was used to fabricate highly-ordered
three-dimensional architecture with microchannels oriented along the freezing direction
via directional freeze casting [12]. By quickly freezing the graphene dispersion,
followed by a freeze casting process, ultralight graphene based aerogels with monolith
three-dimensional framework can be prepared [14]. The graphene monoliths can be
made superelastic via tuning the reduction level of the graphene precursor and
controlling the freeze casting conditions [13]. However, such produced macroscopic
graphene aerogel generally possesses large pore sizes (over 150 µm), ultra-low density
and mechanical fragility.
In the previous chapter (Chapter 3), a mechanical pressing procedure was
applied to graphene aerogel, forming paper-like electrodes. Unfortunately, the porous
structure was partly lost [17]. Therefore, attention was turned to preparing porous
graphene paper without the need for pressing. This work is the topic considered in this
chapter. Consideration was given to the development of a very simple freeze casting
method to prepare graphene paper with uniform porous structure. Using wet graphene
“gel” with certain water content as precursor, a novel porous graphene (PG) paper can
be prepared via a freeze casting process. Such PG paper can be used as binder-free
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electrodes for lithium battery and all-solid-state supercapacitors. This PG paper
displayed excellent performance as either an anode in lithium ion battery or an electrode
in all-solid-state supercapacitor.

4.2

Experimental Specific to This Chapter

4.2.1 Fabrication of porous graphene paper
Graphite oxide was synthesized from natural graphite flakes by the modified
Hummer’s method, as described in Chapter 2. The obtained graphite oxide was
subjected to ultrasonication using a Branson Digital Sonifier (S450D, 30% amplitude,
2s on, 1s off) for 30 min to obtain graphene oxide (GO). Graphene wet “gel” was
formed by vacuum assisted filtration (using 0.22 µm polycarbonate membrane filters) of
1 mg mL-1 GO dispersion. The resultant filter cake was quickly frozen by liquid
nitrogen when it was still “wet”. The water content in the wet “gel” was measured by
thermogravimetric analysis. The frozen graphene gel was then subjected to freezedrying overnight in a freeze drier (Christ Alpha 1-2 LD plus). The as-prepared GO
paper was thermally reduced at 220°C in air for 2h, followed by further reduction with 5%
ascorbic acid solution for 6h at 60 °C. Two types of wet “gel” precursor, containing 92%
and 87% water, were used in this work. The resultant graphene paper was named G-92,
G-87, respectively. For comparison, graphene paper from air dried wet “gel” was also
prepared. It was named as G-air paper.

4.2.2 Device assembly
Solid-state polymer electrolyte was prepared by a solvent casting method. PVA
was dissolved in Milli-Q water to form ~10 wt% solution at 90°C under vigorous
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stirring until the solution became clear, then an appropriate amount of H2SO4 (PVAH2SO4 weight ratio 1:1) was added into the hot solution and stirred at room temperature
overnight. For lithium battery tests, PG, G-87 and G-air paper was assembled into coin
cells coupled with lithium metal. To assemble flexible all-solid-state supercapacitor, PG
paper was firstly pasted onto a gold-coated PET substrate. The polymer electrolyte was
poured onto the as-prepared electrode and dried at room temperature for 12 h. Two such
electrodes were assembled together using polymer electrolyte as the glue (Figure 4.1).

Figure 4.1 Schematic procedure to fabricate a flexible all solid-state supercapacitor.

4.3

Results and Discussion

4.3.1 Characterization of graphene oxide
The prepared graphene oxide was firstly analysed by X-Ray photoelectron
spectroscopy (XPS). Typically, the C1s spectrum of graphene oxide consists of four
components reflecting carbon atoms at different chemical states (Figure 4.2a) [18]. The
non-oxygenated ring C (C-C), C in C-O bonds, carbonyl C (C=O) and carboxylate C
(O-C=O) appeared at 284.8 eV, 286.8 eV, 287.8 eV and 288.6 eV, respectively [19].
The carbon/oxygen (atomic) ratio obtained from XPS was 7:3, indicating a considerable
degree of oxidation. Atomic force microscopy showed that the evaporated graphene
oxide dispersion casted on silicon wafer consisted of isolated graphene sheets. Although
the theoretical thickness of one single layered graphene sheet is ~0.34 nm, the graphene
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oxide sheets especially hydrated GO sheets are expected to be thicker (around 1 nm)
due to the presence of functional groups and absorbed water molecular [18]. Our
graphene nanosheets are several hundred nanometres in lateral dimension and ~1.2 nm
in thickness indicating the successful exfoliation of graphite oxide (Figure 4.2b).

Figure 4.2 (a) XPS spectrum of graphene oxide; (b) AFM image and height profile of
graphene oxide.

4.3.2 Physiochemical characterization of porous graphene paper
Figure 4.3a shows the morphology of the cross-section of PG, G-87 and G-air
graphene paper (Figure 4.3). The G-92 paper exhibits a continuous porous network
with pore size around several micrometres, quite similar to the freeze dried graphene
foam [20]. To denote such porous structure, we label G-92 paper as PG. This PG paper
demonstrates a porous structure after the thermal reduction and wet chemical reduction
(Figure 4.3a). It is mechanical robust, as evidenced by the well-maintained structure
integrity even after being constructed into a LIB and subjected to 100 charge/discharge
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cycles (Inset of Figure 4.3a). G-87 paper displayed a loosely packed layered structure
with micro-scale interspaces (Figure 4.3b), while the air dried graphene paper (G-air)
presented a more compact layered structure with larger interspaces (Figure 4.3c). Due to
its high porosity, the thickness of PG paper can be as high as approximately 150 μm.
Not surprisingly, the formation of a layered structure resulted in thickness shrinkage.
The thickness of G-87 paper and G-air paper was ~15 μm and ~10 μm, respectively,
only 1/10 and 1/15 of the PG paper’s thickness. Interestingly, such highly porous
graphene papers (PG, G-92) were still flexible (Figure 4.3d). The conductivity of the
PG paper was ~10 S m-1.
The formation of porous structure is highly related to water content in the gellike graphene precursor. When well dispersed in aqueous solution, GO is randomly
distributed in an isotropic phase through hydrogen bonding with water molecules. The
GO sheets begin to align as the concentration increases, forming a dense stacked GO
film after drying due to π-π interactions [21, 22]. When the gel-like graphene oxide
precursor with high water content is frozen by liquid nitrogen, the extremely low
temperature leads to rapid formation of ice nuclei and growth of small ice crystals [23].
This prevents the GO sheets from restacking, thus hindering the formation of a layered
structure. The sublimation of such ice crystals results in the formation of a continuous
porous structure, as observed in the PG paper. If the water content in the precursor is
decreased, the accumulation of graphene sheets caused by π-π interaction becomes more
severe and hinders the formation of small ice crystals, leading to the partial formation of
a layered structure. This could explain the loosely packed layered structure formed in G87 paper. For G-air paper without freeze drying, the compact graphene layered structure
was completely formed with the evaporation of water. The large interspaces between
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layers of G-air paper were obtained just because of the release of gas during the thermal
reduction process.

Figure 4.3 SEM images of the cross-section of (a) PG paper, (b) G-87 paper and (c) air
dried graphene paper; Photograph of PG paper (d). (Figure 4.3a inset: SEM image of
cycle PG paper.)

Figure 4.4a shows the XRD patterns of GO and PG paper. The GO paper shows
a strong and sharp peak at 10.0°, corresponding to a d-spacing of 0.88 nm. The PG
paper displays a broad and weak peak at around 24°. The d-spacing for PG paper
decreased to 0.37 nm due to the removal of oxygen-containing functional groups
between the interlayer of graphene sheets. Compared to that for filtrated graphene paper,
the peak in PG paper is broader and weaker, indicating a less ordered state brought
about by the porous structure [24]. The Raman spectra of GO and PG paper are
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presented in Figure 4b. The G band corresponds to the first order scattering of the E2g
mode and D band can be attributed to the disordered structures. They appear at 1583
and 1334 cm-1, respectively [25]. The D/G intensity ratio was 1.20 for GO, and 1.40 for
PG. Such D/G ratio change can be attributed to the decrease in the average size of sp2
domains upon the reduction process.
Figure 4c shows typical TGA curves of GO paper and PG paper which are
similar to other GO and reduced GO materials. The hydrophilic GO paper demonstrated
a ~10 % weight loss below 100 °C due to evaporation of absorbed water. The major
weight loss of GO paper occurred between 100-200 °C, and it was ~30 %. This weight
loss was caused by pyrolysis of oxygen-containing groups [26]. The negligible weight
loss within this temperature range for PG paper indicates the successful reduction of GO
paper. The weight loss of PG and GO paper in the temperature range of 200 °C to
500 °C is about 10%, which can be attributed to the decomposition of some residual
oxygen-containing groups [27]. The Raman Spectra, TGA curves of G-87 and G-air
paper are not shown here due to their similarity.
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Figure 4.4 XRD patterns (a), Raman spectra (b), and TGA curves (c) of GO and PG
papers [Figure 4a inset: expanded peak view for PG paper (5-40°)].

4.3.3 Electrochemical performance as a lithium-ion battery anode
The performance of PG paper as a binder-free electrode for lithium-ion batteries
was studied by galvanostatic charge/discharge test in the potential range from 0.005 to
3.0V. The PG paper electrode shows a very high first discharge capacity of 1200 mAh
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g-1 (Figure 4.5a). The value of the discharge capacity slightly decreases to 1056 mAh g-1
at the second cycle, 88% of the initial capacity is retained. The irreversible capacity loss
around 0.75V at the first cycle could be attributed to the formation of solid electrolyte
interface (SEI) layer and the reaction of lithium ions with residual oxygen-containing
functional groups [28]. The interconnected three dimensional porous structures in our
graphene paper can provide more lithium insertion active sites, thus lead to much higher
reversible capacity compared to other graphene papers. The shape of the CV curves is in
good agreement with the charge/discharge curves (Figure 4.5b). The lithium
intercalation occurs in the potential range below 0.5 V, which became weaker after the
first cycle due to the lithium intercalation reaction being partially reversible. The
cathodic peak around 0.75V, which only appears in the first cycle, indicates the
formation of SEI. The cathodic peak at about 1.5 V can be attributed to lithium
interactions with the residual functional groups on the surface or at the edge sites of
graphene sheets. The G-87 paper as an anode for lithium battery was used here for
comparison, which only delivered a first discharge capacity of 1260 mAh g-1 and
second discharge capacity of 841 mAh g-1 (Figure 4.5c). Much worse performance is
presented by G-air paper, which shows a first charge capacity of 894 mAh g-1 and
second discharge capacity of only 287 mAh g-1 (Figure 4.5d). The low coulombic
efficiency (<30%) of the G-air paper during the first discharge/charge cycle may be
ascribed to the reduced active sites and limited electrolyte infiltration into the interior of
the highly restacked graphene sheets, which has been discussed in Chapter 3.
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Figure 4.5 First and second charge/discharge curves of PG paper (a), G-87 papers (c)
and G-air paper (d); (b) Cyclic voltammograms obtained for PG paper at a scan rate of
0.1 mV s-1.

The porous structure of the graphene paper also leads to a good rate capability.
As can be clearly seen from Figure 4.6a, these graphene papers possess high rate
discharge/charge capability, which is likely due to the enhanced access of electrolyte
benefited from the unique porous structure. At a current density of 200, 500, 1000 and
2000mA g-1, the corresponding reversible capacity can reach 683, 600, 518 and 428
mAh g-1, respectively. The G-87 paper presents much worse rate performance, with a
capacity of 394, 314, 257 and 199 mAh g-1 at the same current densities.
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Figure 4.6 Charge/discharge curves of PG paper (a) and G-87 paper (b) at different
current densities.

The PG paper demonstrated a good cyclic performance and reversibility (Figure
4.7a). After 100 cycles, our PG paper electrodes still maintained a specific capacity of
420 mAh g-1 at a current density of 2000 mA g-1. Meanwhile, the specific capacity
retained of G-87 paper was only 189 mAh g-1 under the same conditions. Figure 4.7b
shows the Nyquist plot of PG paper measured after 100 cycles. For the cycled lithiumion battery, typically there’s only one semicircle in the medium-high frequency region,
representing charge-transfer impedance/resistance at the electrode/electrolyte interface.
The inclined line at an approximate 45°angle to the real axis corresponds to the lithiumdiffusion process within the carbon electrodes. This can be clearly seen from the EIS
curves. The diameter of the semicircle at the medium frequency region of the PG papers
is significantly reduced compared to the graphene paper obtained by filtration,
indicative of a lower charge-transfer resistance. The reduced charge transfer resistance
might be induced by the easy accessibility and transportation of electrolyte in the
continuous porous structure.
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Figure 4.7 (a) Capacity versus cycle number for PG paper at 2000 mA g-1. (b) Nyquist
plots of PG paper and the graphene paper (filtration).

4.3.4 Graphene paper based flexible all-solid-state supercapacitor
The assembled PG paper based all-solid-state supercapacitor was tested by
cyclic voltammetry and galvanostatic charge/discharge (Figure 4.8a). To study the
correlation between the structure and performance, G-87 paper and G-air paper based
supercapacitors were also evaluated for comparison (Figure 4.8b, c). The CV curve of
PG based supercapacitor shows a near rectangular shape at a low scan rate of 10 mV s-1.
At a higher scan rate of 50 mV s-1, a CV loop with a large oblique angle appears. The
estimated specific capacitances for a single electrode calculated from the CV curves for
PG paper was ~148 F g-1 and ~74 F g-1 at a scan rate of 10 mV s-1 and 50 mV s-1,
respectively. A highly distorted CV shape was presented by G-87 paper, indicating its
poor capacitive performance. A very low specific capacitance was presented by G-87
paper, which was only ~36 F g-1 at 10 mV s-1 (Figure 4.8b). For the G-air paper, the
capacitance presented at 10 mV s-1 was negligible (Figure 4.8c).
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Figure 4.8 Cyclic voltammograms of PG paper (a), G-87 paper (b), and G-air paper (c)
at different scan rates.
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The PG paper presented a nearly straight discharge curve in the charge/discharge
test, showing its good electrical double layer performance (Figure 4.9a). The calculated
specific capacitance of the flexible PG supercapacitor was about 156 F g-1 at 0.5 A g-1.
The capacitance decreased to 105 F g-1 at a higher current density of 2 A g-1. The PG
paper based solid-state supercapacitor showed an equivalent performance compared to
most of the previously reported carbon nanotube based solid-state devices and neat
graphene paper/film based conventional supercapacitors [29-32]. G-87 paper and G-air
paper based flexible supercapacitors were also tested for comparison. The respective
specific capacitances presented by G-87 paper and G-air paper were only 30 F g-1 and 5
F g-1 at 0.5 A g-1 (Figure 4.9a, dotted line and dash line). The capacitance value was
negligible when the current density increased to 2 A g-1 (Figure not shown here). The
porous structure inside the PG paper offers enhanced access for polymer electrolyte,
thus facilitating ionic transportation.
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Figure 4.9 (a) Charge/discharge curves of PG paper (solid line), G-87 paper (dotted
line) and G-air paper (dash line) based flexible supercapacitors; (b) CV curves of the
bent and unbent device at a scan rate of 10 mV s-1; (c) Photograph of the bent flexible
PG paper based supercapacitor; (d) Cycle stability of the PG paper device at a current
density of 1 A g-1.

This flexible supercapacitor also exhibited good mechanical robustness in the
bending test. It could be repeatedly bent without causing any significant variations in
the specific capacitance. The CV curves obtained at the bent and unbent status show
nearly the same capacitive behaviour (Figure 4.9b), indicating that the change of
electrochemical properties is negligible under bending. To further characterize the cycle
stability of the solid-state device, galvanostatic charge/discharge tests were carried out
up to 5000 cycles at a current density of 1 A g-1. Remarkably, ~81 % of the initial
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capacitance was retained, and the calculated Coulombic efficiency was always kept in
the range of 98-100% throughout the testing cycles (Figure 4.9d).
The capacitive features of graphene papers were further studied by EIS. Figure
4.10 presents the Nyquist plots of PG, G-87 and G-air paper obtained in the frequency
range between 0.01 and 100 kHz. The equivalent circuit model used to fit the
impedance spectra is shown in Figure 4.10 as an inset, which includes solution
resistance Rs, double layer resistance Rdl, imperfect double layer capacitance CPEdl and
Warburg element Wo. The equivalent series resistance (ESR) can be evaluated from the
EIS test via linear interpolation of the low-frequency part of the Nyquist plot to ZIm=0
[33]. The ESR for PG, G-87 and G-air paper was 26, 39 and 47 Ω, respectively,
corresponding to their different capacitive performance. The linear part at low
frequency region in Nyquist plot corresponds to the Warburg element Wo, which
reflects ion diffusion between electrodes. More vertical the plot is, the capacitive
performance of electrode is closer to the ideal model [34]. It can be found that among
the electrodes, PG paper showed the most vertical curve, which indicates its better ion
diffusion due to the porous structure. According to the previous report, an
electrochemical approach named dynamic electrosorption analysis (DEA) can be used
to standardize the ion adsorption and transport behaviour in bulk graphene materials.
The capacitance against frequency plotted from EIS shown in Figure 4.10, can be
viewed as a form of DEA. The relative ion-transport rate within a porous electrode can
be characterised by the characteristic relaxation time constant τ0, which is the reciprocal
of frequency at which the capacitance is 50% of its maximum value. The τ0 of PG, G87 and G-air paper was 0.63, 10 and 15.8 s, respectively. The PG paper has the smallest
τ0 among these three samples, which can be ascribed to the facilitated ionic transport
induced by its porous structure.
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Figure 4.10 Nyquist plots (a) (scatter: experimental plots, line: fitting plots), and
capacitance versus frequency (b) of PG, G-87 and G-air paper. (a inset: equivalent
circuit model)

The ragone plot (Figure 4.11) compares the power and energy capability of PG paper
with other all-solid-state graphene (or carbon nanotube) based supercapacitors. The
energy and power density are calculated using the following equations: 𝑬 =
𝑪𝒔 ∆𝑽2⁄7200, 𝑷 = 3600𝑬⁄𝒕. The PG paper afforded a maximum energy density of 14
Wh kg-1 at a power density of 0.32 kW kg-1, while it maintained 7.1 Wh kg-1 at an
increased power density of 5.1 kW kg-1. The PG paper electrode displayed higher
energy density compared to the reported all-solid-state flexible supercapacitors based on
graphene cellulose [35], flexible graphene hydrogel [32], folded graphene paper [20]
and graphene/PEDOT:PSS film [36].
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Figure 4.11 Ragone plot of PG papers in comparison with the reported graphene-based
all-solid-state supercapacitors.

4.4

Conclusion
A novel graphene paper with a continuous porous structure was prepared using a

graphene wet-gel as the precursor and a simple lyophilisation process. The water
content in the precursor graphene oxide gel was used to prevent the restacking of
graphene sheets. The structure formed could be tuned from a loosely packed layered
structure to a continuous connected porous network by varying the water content in the
gel precursor. The porous graphene (PG) paper displayed an enhanced electrochemical
performance in lithium batteries and all-solid-state supercapacitors. The highly
interconnected 3D structure allows fast charge transfer and rapid ion diffusion, thus
enhancing its electrochemical performance. This PG paper is mechanically robust and
flexible; making it a promising electrode for use in wearable or rolling-up devices. Also,

142

its open porous structure allows the fabrication of porous graphene-based composites
via incorporation with other functional materials into the void space.
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5 Free-standing Graphene-Polypyrrole Hybrid Paper via
Electropolymerization with an Enhanced Areal Capacitance
5.1

Introduction
Supercapacitors, due to their high power density and excellent cycling stability,

are an important class of energy storage devices [1, 2]. An ideal flexible supercapacitor
should hold a combination of excellent mechanical strength and large electrochemical
capacitance. Due to their excellent electrical conductivity, chemical stability and high
specific surface area, graphene based films or paper electrodes have shown remarkable
flexibility with a high gravimetric capacitance in the range of 138 to 210 F g -1 [3-5].
Although these graphene based flexible electrodes present promising gravimetric
capacitance, they normally deliver a very low areal capacitance in the range of 57 to
94.5 mF cm-2 due to their low areal mass loading (< 1 mg cm-2) [6, 7]. For practical
usage, it is suggested that the areal mass loading should be at least 5 mg cm-2 and the
electrode thickness between 50-200 μm [8, 9]. One effective way to improve the areal
capacitance is to introduce metal oxides with high theoretical capacitance. However,
graphene/metal oxide hybrid electrodes normally suffer from poor conductivity.
Excellent performance was achieved only at low scan rates. A MnO2/carbon
nanotube/textile nanostructure afforded a large areal capacitance of 2.8 F cm-2 at a scan
rate of 0.05 mV s-1, but dropped sharply to 120 mF cm-2 when the scan rate increased to
50 mV s-1 [10].
Integration of electrically conducting polymers (ECPs) with graphene is an
alternative way to achieve high areal capacitance. In addition, ECPs can be regarded as
sustainable materials that can be derived from biomass, and meet the challenges of
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energy sustainability for the future. In ECPs/graphene composites, ECPs can provide
high pseudocapacitance, while graphene can provide a conductive network to overcome
the poor cycling stability of ECPs. Polypyrrole (PPy) is one of the most widely used
ECPs due to its good conductivity, facile synthesis, low cost and high charge storage [5,
11]. Flexible electrodes based on graphene/PPy composites present a high gravimetric
capacitance ranging from 92 to 345 F g-1 [12-14] and an areal capacitance from 152 to
175 mF cm-2 [15, 16].
The graphene based flexible electrodes, prepared by the freeze drying method
described in Chapter 4, present promising gravimetric capacitance, but unfortunately
deliver a low areal capacitance due to their low areal loading mass. Therefore, further
work was done to address this problem, as reported in this chapter.
In this work, a novel flexible PPy/chemically reduced graphene (CRG) hybrid
paper with an enhanced areal capacitance was developed. PPy was incorporated into a
paper-like graphene hydrogel via electropolymerization forming a layered structured
CRG/PPy hybrid paper. The CRG-PPy paper with 3 times increased thickness can still
maintain an equivalent gravimetric capacitance compared with that of neat CRG paper.
It delivered a much higher areal capacitance of 440 mF cm-2 at 0.5 A g-1, in sharp
contrast to 185 mF cm-2 by neat CRG at the same current density. The capacitance
slightly decreased to 356 mF cm-2 when the current density increased to 6 A g-1,
indicating the excellent rate capability. Compared to the previously reported freestanding graphene-PPy materials, these flexible free-standing CRG-PPy hybrid paper
presented higher areal capacitance and better rate performance.

149

5.2

Experimental Specific to This Chapter

5.2.1 Preparation of CRG-PPy paper
Paper-like graphene gel was formed via vacuum filtration of CRG solution. This
CRG wet gel was peeled off and immersed in water for 6h to remove the impurities.
Prior to PPy electropolymerization, CRG gel was immersed in an aqueous solution of
0.1 M pyrrole and 0.1M sodium p-toluenesulfonate (pTS) overnight at 4

o

C.

Subsequently, pyrrole was electropolymerized galvanostatically onto the CRG gel
directly at a current density of 1 mA cm-2 for 20, 40 or 60 min. The obtained CRG-PPy
hybrid papers was rinsed with deionized water for several times and then soaked in
water overnight to remove the excess monomer or dopant before drying in air.

5.2.2 Assembly of device and characterization
CRG or CRG-PPy paper were assembled into a Swagelok®-type two electrode
testing cell (X2 Labwares Pte Ltd.) to construct a symmetric supercapacitor device. The
electrolyte was 1 M H2SO4. Cyclic voltammetry of the cells was tested using a CHI
650D (CH Instruments, Inc.) and scanned over a range of 0.0 to 1.0 V. Galvanostatic
charge/discharge tests were performed using a BTS3000 battery test system (Neware
Electronic Co.) over a potential range of 0.001-1.0 V. Electrochemical impedance
spectroscopy (EIS) measurements were performed using a Gamry EIS 3000 system, and
the frequency range used spanned from 100 kHz to 0.01 Hz with an amplitude of 10 mV
at open circuit potential.
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5.3

Results and Discussion

5.3.1 Preparation of CRG-PPy paper
The fabrication procedure of CRG-PPy paper is shown in Figure 5.1a. With the
assistance of vacuum filtration, the self-gelation of CRG occurred due to the intersheet
π-π attractions, forming a lamellar structured graphene wet gel [17]. This gel was then
soaked into pyrrole solution overnight to allow the monomer and dopant to infiltrate
into the gel before performing the electropolymerization. The polymerization of PPy
occurred both on the surface and throughout the gel interior, creating a layered
graphene-PPy hybrid structure. The CRG-PPy hybrid papers were named as CRGPPy20, CRG-PPy40 and CRG-PPy60 according to the deposition time of 20, 40 or 60
min. Their areal masses were 1.80, 2.36 and 2.70 mg cm-2, respectively; whereas it was
1.13 mg cm-2 for the control sample, CRG paper. Longer deposition time was not
necessary since PPy growth tended to saturate after 60 min. The obtained CRG-PPy was
flexible, as demonstrated in Figure 5.1b. It can be directly used as binder-free electrode.

Figure 5.1 Schematic procedure to fabricate a CRG-PPy paper that includes the
following steps (a): formation of wet CRG paper via filtration, soaking the wet paper in
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pyrrole monomer solution, PPy electropolymerization and drying. Digital image of a
CRG-PPy40 paper (b)

5.3.2 Physicochemical characterization of CRG-PPy paper
The cross-sectional view of CRG paper and CRG-PPy hybrid papers are shown
in Figure 5.2a-c. CRG paper presents a typical compact layered structure with a
thickness of ~3.7 μm, due to the strong π-π interaction between graphene sheets (Figure
5.2a). CRG-PPy paper displays an expanded layered structure with an increased
thickness of over 10 μm (Figure 5.2b, c, d). PPy acts as spacer between CRG sheets,
leading to the enlarged thickness in the range of 12 to 15 μm. After 60 min deposition,
the thickness was enlarged by ~3 times. Since all the CRG-PPy papers display similar
structure, only the SEM image of CRG-PPy40 at higher magnification is shown (Figure
5.2f, h). It clearly shows a lamellar structure with nodule-like PPy coated onto graphene
layers (Figure 5.2f). CRG-PPy paper displays a surface morphology with more
wrinkles, lumps or islands (Figure 5.2h) compared to a smoother surface for CRG paper
(Figure 5.2g).
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Figure 5.2 SEM images of the cross-section of a neat CRG (a), CRG-PPy20 (b), CRGPPy40 (c) and CRG-PPy60 paper (d); Surface morphology and cross-sectional view of a
neat CRG (e, g) and CRG-PPy40 paper (f, h) at higher magnification.
The elemental analysis of the CRG-PPy40 paper surface was detected by the
EDX module associated with the SEM as shown in Figure 5.3. Only carbon and oxygen
elements can be detected on the surface of neat CRG paper (Figure 5.3a, b). The
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existence of sulphur and nitrogen (originating from PPy/pTS) apart from elements of C
and O proves the existence of PPy on the hybrid paper surface (Figure 5.3c, d). The
distribution of sulphur element in the cross-section of neat CRG or CRG-PPy40 paper
was also compared. Very weak sulphur element signal was detected for neat CRG
paper, and it was distributed discretely even at the background area (Figure 5.3f). Thus
the existence of S can be excluded. In contrast, CRG-PPy40 paper displays a clear
image of sulphur element distribution, clear evidence of the existence of S (Figure
5.3h). These results clearly prove that PPy was successfully grown not only on the
surface but also onto the interior graphene layers of the CRG paper. A clear image of
nitrogen mapping for CRG-PPy40 could not be obtained, which may be due to the weak
signal of N and the signal disturbance due to the uneven cross-section.
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Figure 5.3 Elemental analysis of a neat CRG (a, surface; e, cross-section) and CRGPPy40 paper (c, surface; g, cross-section). Elemental mapping of the surface of neat
CRG (b), CRG-PPy40 (d), and the cross-section of CRG (f) and CRG-PPy40 (h).
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The successful deposition of PPy can also be confirmed by Raman spectra
(Figure 5.4a). There are only two peaks in the range of 1000-2000 cm-1 for neat CRG
paper. The peak at around 1333 cm-1 (D band) is related to the defects and disorder
structure in graphene. The peak at 1593 cm-1 (G band) is ascribed to the doubly
degenerate zone centre E2g mode [18, 19]. Three new peaks can be observed for CRGPPy paper. The peaks at 928 cm-1 and 971 cm-1 can be assigned to C-H out of plane
deformation and PPy ring deformation, respectively. The tiny peak at 1047 cm-1
represents C-H in plane deformation. PPy has characteristic peaks at 1335 cm-1, 1372
cm-1 and 1590 cm-1, which reflect the ring stretching and C=C backbone stretching [20].
Similar to the previously reported graphene/PPy composite materials, they are
overlapped with the D-band and G-band of graphene [21]. CRG-PPy20 and CRGPPy60 have similar Raman spectra as CRG-PPy40 paper, and so they are not shown
here.
X-ray photoelectron spectroscopy was performed to further investigate the
structure of CRG-PPy paper. Figure 5.4c, d show the deconvoluted C1s spectra of neat
CRG and CRG-PPy 40 respectively. The C1s of neat CRG (Figure 5.4c) could fit into
four component peaks, corresponding to different chemical states of carbon. The
dominant peak appears at 284.7 eV. It is attributed to the collective effect of sp2 and sp3
hybridized carbon [22]. Peaks at 287.9 eV and 291.0 eV are assigned to oxygen
bounded carbon species, C=O and O-C=O [23]. The peak at around 286 eV in CRGPPy C1s (Figure 5.4d) corresponds to C-N, C-S and C-O contributions [22]. The relative
intensity of the peak at 286 eV for CRG-PPy increased remarkably compared to that for
neat CRG. It may be ascribed to the C-N backbone bonding in PPy. The N1s core level
spectra of CRG-PPy (Figure 5.4e) is dominated by a main peak at 399.6 eV, which can
be assigned to the quinoid imine (=N-) in PPy. The peaks at a higher binding energy of
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401.1 eV can be ascribed to the positively charged protonated nitrogen species [22, 24].
In addition, the S2p peak arises at 168 eV, which corresponds to the sulfonated group in
dopant pTS (Figure 5.4f) [22].

Figure 5.4 Raman spectra of a neat CRG or CRG-PPy40 paper (a) and the expanded
view over 500~1200 cm-1 (b); XPS spectra of C1s in neat CRG (c), C1s in CRG-PPy (d),
N1s in CRG-PPy40 (e) and S2p in CRG-PPy (f). (black line, experimental data; colour
line: fitting line)

5.3.3 Electrochemical performance for supercapacitor
To study the pseudocapacitive performance of PPy in the composite paper, the
cyclic voltammetry (CV) of CRG and CRG-PPy60 paper electrode in a three electrode
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system was studied (Figure 5.5). The CRG paper displayed a nearly rectangular CV
shape over the potential range of -0.5~ 0.5 V (vs. Ag/AgCl) (Figure 5.5a), indicating a
nearly ideal electric double-layer capacitive behaviour. In contrast, the CRG-PPy60
paper electrode presented features of a pseudocapacitive activity, with redox peaks
observed at around -0.2 V and 0.2 V (Figure 5.5b) [25].

Figure 5.5 Cyclic voltammograms of a CRG (a), or CRG-PPy60 (b) paper in 1 M
H2SO4 between -0.5 to 0.5 V (vs. Ag/AgCl) at scan rates of 20, 50, 100 mV s-1.

The CRG-PPy paper based symmetric supercapacitor did not show the
remarkable redox peaks from PPy in the CV curves (Figure 5.6). This is typical of a
two-electrode cell system, since one electrode was oxidized while its symmetric
electrode was reduced, resulting in negligible redox peaks [8, 26]. Over the scan rate
range from 20 to 100 mV s-1, all the CRG-PPy papers display nearly rectangular CV
curves even for that with a high areal mass loading of 2.7 mg cm-2. All these reveal their
ideal capacitive behaviour. This result is in sharp contrast to that of MnO2-graphene
paper electrode with similar areal mass loading but presented a highly distorted CV
curve at the same scan rate [27, 28]. The areal capacitance at 20 mV s-1 was 298, 349
and 410 mF cm-2 for CRG-PPy20, CRG-PPy40 and CRG-PPy60, respectively. CRG158

PPy60 paper delivers the highest current response, which is over 2 times that of neat
CRG paper (174 mF cm-2 at 20 mV s-1). Our CRG-PPy papers offer much higher areal
capacitances than those of the previously reported graphene-PPy film/membrane
electrodes, which delivered capacitances of 151~175 mF cm-2 at a low scan rate of 10
mV s-1 [15, 16, 29].

Figure 5.6 Cyclic voltammograms of a CRG (a), CRG-PPy20 (b), CRG-PPy40 (c) or
CRG-PPy60 (d) paper in 1 M H2SO4 at a scan rate 20, 50, 100 mV s-1.

Charge/discharge tests were performed and the results are shown in Figure 5.7.
Neat CRG delivered a gravimetric capacitance of 164 F g-1 at 0.5 A g-1. It slightly
decreased to 156 F g-1 at 2 A g-1. CRG-PPy20 paper shows the highest gravimetric
capacitance among these hybrid papers, 190 F g-1 at 0.5 A g-1 and 165 F g-1 at 2 A g-1.
CRG-PPy 40 and CRG-PPy 60 paper deliver slightly decreased gravimetric
capacitances of 163 F g-1 and 161 F g-1 respectively at 0.5 A g-1, but are still comparable
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to the CRG papers in this work and the previously reported ones [3, 4, 11]. Benefiting
from the unique layered structure, CRG-PPy paper with 3 times thickness and much
higher mass loading still maintains a similar gravimetric capacitance compared with
neat CRG paper.
The areal capacitance of neat CRG and CRG-PPy hybrid papers can be
calculated from their gravimetric capacitance and areal mass. The areal capacitance of
CRG-PPy hybrid paper increases with prolonged electrodeposition time. The CRGPPy60 paper gave the highest areal capacitance of 440 mF cm-2 at 0.5 A g-1, which is
2.4 times higher than that 185 mF cm-2 of CRG paper. The results are 380, 342 mF cm-2
for CRG-PPy40 and CRG-PPy20 paper, respectively. It should be pointed out that the
current of 0.5 A g-1 applied was equal to that of 1.35, 1.18, 0.9, 0.57 mA cm-2 in terms
of an areal unit for CRG-PPy60, CRG-PPy40, CRG-PPy20 and CRG paper,
respectively. The areal capacitance delivered from our CRG-PPy paper is higher than
that for flexible graphene/PPy fibre electrode (107 mF cm-2 at 0.24 mA cm-2) [30] and
carbon fibre/PPy paper electrode (198.5 mF cm-2 at 1 mA cm-2) [31]. At a high current
density of 6 A g-1 (~16 mA cm-2), over 300 mF cm-2 was retained for CRG-PPy60
paper, 81 % of the capacitance obtained at 0.5 A g-1 (Figure 5.7e). Our CRG-PPy papers
present better rate capability compared with the carbon fibre/PPy paper electrode, which
demonstrated a capacity retention of only 66% when the current rate increased from 1 to
10 mA cm-2. [31] The unique PPy coated graphene layered structure also ensured
excellent rate performance of CRG-PPy hybrid paper.
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Figure 5.7 Electrochemical performance of the symmetric supercapacitors using CRG,
CRG-PPy 20, CRG-PPy40 or CRG-PPy60 paper electrodes in 1M H2SO4. (a-d)
Charge/discharge curves; (e) Areal capacitance versus current densities; (f) Cycle
stability at a current density of 2 A g-1.

The cycle stability of CRG-PPy hybrid papers and neat CRG paper were tested
at a current density of 2 A g-1 (Figure 5.7f). A capacitance retention of 75%, 78%, 85%
and 92% was shown during the first 1000 cycles for CRG-PPy60, CRG-PPy40, CRGPPy20 and CRG, respectively. A lower retention rate with the increased PPy ratio may
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be attributed to the decreased pseudocapacitance contribution from PPy. PPy suffers
from physical changes associated with the doping/de-doping of ions during cycling [32,
33]. The repeated redox cycles can damage the PPy molecular structure and promote
PPy degradation, leading to capacitance decay. It should be pointed out that these CRGPPy hybrid papers can still retain 71-80 % of the initial capacitance after 5000 cycles,
comparable to or higher than that 56~87% retention of the previously reported results
for PPy or carbon-PPy based electrodes [34-37].
The areal energy density and power density of neat CRG and CRG-PPy papers
in the ragone plot (Figure 5.8) are calculated using the following equations: 𝑬 =
𝑪𝒔 ∆𝑽2⁄7200, 𝑷 = 3600𝑬⁄𝒕. CRG-PPy60 paper presents a maximum energy density
of 61.3 μWh cm-2 at a power density of 1.2 mW cm-2, while it maintains 49.5 μWh cm-2
at 14.2 mW cm-2. Our CRG-PPy paper displayed higher energy density compared to the
reported results for graphene paper, graphene-PPy film, graphene-PANI paper [7, 16,
38], or even graphene-MnO2 electrode [27]; especially at high power density.
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Figure 5.8 Ragone plot of CRG-PPy hybrid papers in comparison with the reported
graphene-based paper materials.

The Nyquist plots of neat CRG or CRG-PPy paper electrode were obtained in
the frequency range between 0.01 and 100 kHz, and are shown in Figure 5.9a. An
equivalent circuit model is used to fit the impedance spectra (Figure 5.9a inset). The
equivalent series resistance (ESR) includes the solution resistance Rs, electrodeelectrolyte interfacial double layer resistance Rdl and charge transfer resistance Rct [32,
39]. The semi-circle portion in the high frequency region represents two constant phase
elements CPEdl and CPEf, accounting for the imperfect double layer capacitance and the
faradic pseudocapacitance. The ESR of our CRG-PPy papers was around 3.5~5.5 Ω,
close to that 2.2 Ω for CRG paper. At the low frequency region, a more vertical plot at
low frequency region indicates more ideal capacitive performance [40]. All the CRG
and CRG-PPy papers show nearly vertical lines in that region, indicating their good
capacitive performances. CRG paper gives the most vertical plot among these papers,
which can be ascribed to its faster ion and electron transportation due to having the
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lowest thickness. The relative ion-transport rate within the electrode can be
characterized by the relaxation time constant τ0, time taken to reach half of the saturated
capacitance. The time constant can be calculated using equation 𝜏0 = 1/𝑓𝑝 , fp is the
frequency at which the imaginary part of the capacitance reaches its peak value (Figure
5.9b) [41, 42]. The τ0 of CRG-PPy papers is around 1.31 to 1.57 s, higher than that of
neat CRG paper (0.63 s), which is due to their much larger thickness. Nevertheless,
these CRG-PPy paper based devices offer lower time constant compared with the
previously reported graphene paper based supercapacitors with a time constant in the
range of 0.92 to 2.27 s [43].

Figure 5.9 Nyquist plots (a) (scatter: experimental plots, line: fitting plots), and
frequency response (b) of neat CRG or CRG-PPy papers based supercapacitor. (a inset:
equivalent circuit model)

5.4

Conclusion
Wet graphene gel was used to prepare free standing graphene/PPy hybrid paper

via electropolymerization. PPy was uniformly coated onto the surface and interior of the
graphene gel, creating a layered graphene/PPy structure with an increased thickness.
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The areal mass loading of the hybrid paper can be easily controlled by adjusting the
deposition time. Benefiting from this unique structure, these hybrid papers with
enlarged thickness showed a gravimetric capacitance comparable to graphene paper but
with much higher areal capacitance. This hybrid paper also exhibited excellent rate
performance. The high areal-normalized power density and relatively high energy
density make such flexible hybrid paper promising materials for application in flexible
energy storage devices.
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6 Fabrication of Flexible Graphene/polypyrrole Film Directly from the
Exfoliated Expanded Graphite and in-situ formed polpyrrole
nanofibres for Supercapacitor Application
6.1

Introduction
The two-dimensional structure with high aspect ratio makes graphene sheets to

be easily assembled into freestanding films with robust mechanical properties for
flexible power sources. Among various graphene synthesis routes, wet chemical
exfoliation is the most realistic approach to realize mass production of graphene.
Currently, the most commonly used wet chemical method is the exfoliation of strongly
oxidized graphite oxide followed by reduction [1, 2]. However, this method has several
drawbacks, including great number of defects induced, toxic reagents used and timeconsuming preparation procedure. Hence it is desirable to develop methods to prepare
less defected graphene under a mild condition. A non-oxidized graphene, directly
exfoliated graphene (DEG), can be formed by direct liquid-phase exfoliation (LPE) of
graphite using organic solvent or aqueous surfactant solution [3, 4].
The starting graphite source for LPE can be either natural graphite, highly
oriented pyrolytic graphite (HOPG) or expanded graphite. The worm-like expanded
graphite (WG) can be mass produced by thermal treatment of commercially available
expandable graphite flakes. WG has already been used in many applications such as
adsorbent [5, 6], phase charge material [7], catalyst support [8], and battery [9].
Compared to natural graphite and HOPG, WG is expected to facilitate the exfoliation
due to the pre-expanded structures [10]. Several attempts to produce graphene via LPE
using WG have already been reported. WG was successfully exfoliated in aqueous
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solution using rose Bengal [11], in DMSO with stabilizer tetracyanoquinodimethane
[12] and in organic co-solvent [13]. Although the surfactant-assisted LPE method to
fabricate graphene has been well studied, flexible electrodes based on such types of
graphene were rarely reported. The surfactant adsorbed on the graphene can be difficult
to be completely removed by rinsing, resulting in increased resistance and deteriorated
electrochemical performance. Also, the lack of functional groups hindered the selfassembly of DEG into robust films or scaffolds as flexible electrodes.
With the above considerations in mind, an alternative strategy (a tandem
strategy) was developed which is described in this chapter. In this work, advantage was
taken of the surfactant cetyltrimethylammonium bromide (CTAB) in the graphene
dispersion by using it as template for nanostructured polypyrrole fibre (PPyF) growth,
instead of attempting to remove it. PPyF was prepared in the presence of DEG/CTAB.
PPyF has demonstrated its excellent performances in supercapacitors, lithium-ion
batteries and biocompatible batteries [14-17]. The incorporation of PPyF can provide
large pseudocapacitance, and also serve as a reinforcement to enhance the mechanical
properties of flexible PPyF/graphene film [18]. Such approach can effectively utilize the
remained surfactant, minimizing its negative effects on the electrode’s electrochemical
properties. The free-standing and flexible graphene/PPyF film can be obtained by
filtration of the obtained DEG/CTAB/PPyF dispersion. This film demonstrated good
electrochemical performances with a specific capacitance of up to 160 F g-1.
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6.2

Experimental Specific to This Chapter

6.2.1 Exfoliation of worm-like expanded graphite
The expandable graphite flakes (3772, Asbury Graphite Mills USA) was
thermally expanded at 500 °C for 15s to obtain worm-like expanded graphite (WG).
The exfoliated graphene (DEG) was prepared by direct exfoliation of WG in the
presence of surfactant cetyl trimethylammonium bromide (CTAB). WG was dispersed
in CTAB aqueous solution (1 mg mL-1) to give a 10 mg mL-1 dispersion, then
ultrasonicated for 4h with 60% amplitude (Branson Digital Sonifier). The supernatant
was collected after 40 min centrifugation at 4400 rpm. The sediment can be recycled
and reused. The content of DEG in the dispersion was confirmed by collecting DEG on
polycarbonate filter membrane, followed by rinsing with water. The absorption
coefficient α of DEG was determined by the UV absorbance at 660 nm at the given
concentration [4]. So the concentration of DEG solution can be easily estimated from
the absorbance at 660 nm.

6.2.2 Preparation of DEG-PPyF film
The DEG/CTAB dispersion was directly used to prepare DEG-PPyF film using
the adsorbed CTAB on graphene sheets as the template. Pyrrole monomer
(DEG:pyrrole = 1:4, 1:8 weight ratio) and concentrated hydrochloric acid (to give a 0.2
M HCl concentration) were added into the DEG/CTAB dispersion, followed by the
slow addition of oxidant ammonium persulfate (APS) (APS: Py=2:1, by weight). The
reaction was kept in an ice water bath under stirring for 6h. After completion, the
resultant dispersion of DEG/CTAB/PPyF was filtered to form flexible DEG-PPyF film.
In this work, according to the ratio of DEG to pyrrole, DEG-PPyF films are named as
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DEG-PPyF1 (1:4), DEG-PPyF2 (1:8). PPy fibre film (PPyF) without DEG and DEG
film without PPyF were also prepared for comparison. The total weight of DEG plus
pyrrole monomer was controlled at around 36 mg for easy comparison.

6.3

Results and Discussion

6.3.1 Exfoliation of graphite
After thermal expansion, WG can be expanded over 80 times [19]. Such
expansion structure is helpful for the complete exfoliation of graphite layers [20]. WG
presents a typical worm-like structure that is loose and porous, which is composed of
parallel sheets with pores over several micrometres of the structure (Figure 6.1a). The
pore wall thickness is around ~80 nm, indicating that it consists of multiple layers of
graphene sheets (Figure 6.1b inset). Through the transmission electron detector of the
SEM (TED-SEM), transparent and wrinkled DEG sheets can be seen (Figure 6.1c). The
successful exfoliation of WG was further confirmed by AFM. Figure 6.1d is the AFM
image of a 1.5×1.5 µm surface of silicon wafer with DEG deposited. Flakes with
dimensions around 300-400 nm can be observed. Zoomed images show single flakes
with ~400 nm in dimension and ~4 nm in height. The apparent height of graphene
derived from wet chemical method is reported to be ~1.2 nm as measured by AFM [2].
It clearly suggests that most of the DEG obtained in this work consists of ~3-4 layers.
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Figure 6.1 SEM images of worm-like expanded graphite (a-b), TED-SEM image of
DEG (c) and AFM image (d) and height profile of DEG (e).

The Raman spectra of WG, DEG are shown in Figure 6.2. The chemically
reduced graphene (CRG) paper prepared via graphite oxide exfoliation route is also
shown for comparison. Its preparation method is described in the previous Chapter 2
(Experimental). G band, D band and 2D band are the three main features in the Raman
spectra of graphite-related materials [21]. The G band refers to the first order scattering
of E2g mode. The D band is related to the first order of the zone-boundary phonons
which reflects the structural defects of graphite materials. The 2D band is the second
order of zone-boundary phonons, which can be used to distinguish single, double, few
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and multi-layered graphene structure [22, 23]. It can be seen that WG and DEG display
a prominent G band at 1581 cm-1, similar to that of natural graphite powder. A tiny D
band around 1333 cm-1 appears in WG, probably due to the structure defects caused by
the intercalation and expansion process. The DEG displays a stronger D band than WG
at 1333 cm-1, indicating that more defects were created by the cracking of graphite
sheets into small flakes during the exfoliation process. In CRG, the strong D band
indicates large amounts of disorder formed during the caustic oxidation, exfoliation and
reduction processes [2]. The 2D peak in WG appears at around 2700 cm-1. It is clearly
split into two peaks, similar to the bulk graphite, indicating its multilayered graphene
structure. A broad, down-shifted 2D single peak with lower intensity was observed in
the CRG spectrum. The broad and weak 2D peak in CRG is caused by the steric effects
of oxygen moieties, partial amorphization and reduced sp2 domains [24, 25]. For DEG,
the 2D peak shows the characteristic feature of thin flakes composed of a few graphene
layers (2~5) [4, 23, 26], similar to CTAB stabilized exfoliated graphene [27].

Figure 6.2 (a) Raman spectra of CCG, DEG and WG. (b) 2D peak of CCG, DEG and
WG.
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It is expected that DEG and WG give similar XPS spectra (Figure 6.4), for no
chemical reaction occurred during the exfoliation process. After peak fitting, C1s
spectrum of carbon materials generally shows three pronounced components
corresponding to carbon atoms in different functional groups. The C1s of original WG
shows three peaks at 285 eV, 285.9 eV and 287eV, assigned to non-oxygenated ring C
(C-C), C in C-OH bonds and carbonyl C (C=O) respectively, which may be attributed to
the residual oxygen containing groups after thermal expansion [28]. Those components
can also be found in the C1s spectrum of DEG at 284.8 eV, 285.9 eV and 287 eV,
respectively. The increased relative peak intensity at 285.9 eV in DEG may be caused
by the adsorbed water/surfactant molecules during the exfoliation process [28]. A
similar peak intensity increase can be found in graphene from the surfactant-assisted
liquid exfoliation of expanded graphite [11]. The corresponding O1s peak confirms that
oxygen atoms are bonded with carbon in two forms, C-OH at 532.5 eV and C=O at
~534 eV. The oxygen atomic ratio changed from 6% for WG to 17% for DEG, which
may be caused by the adsorbed water/surfactant.
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Figure 6.3 XPS spectra of WG C1s (a), WG O1s (b), DEG C1s (c), DEG O1s (d).

6.3.2 Physicochemical characterization of DEG-PPyF film
The DEG/CTAB dispersion was directly used to synthesize DEG-PPyF via an in
situ chemical polymerization. At an appropriate concentration of monomer (10-30 mM),
surfactant (2-12 cmc) and a monomer/oxidant ratio (1:2), a lamellar structure can be
formed between the CTAB cations and APS anions resulting in the formation of fibrelike PPy nanostructure [29]. The PPy fibres were then interacted with DEG sheets,
forming a flexible film after filtration (Figure 6.4a). It should be pointed out that the
composite film at a higher DEG ratio (e.g. 1:1, 1:2) was fragile and easily crumbled into
powder, thus were unsuitable as flexible electrodes (Figure 6.4b). For neat DEG, the
obtained film cannot be peeled off from the filter membrane.
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Figure 6.4 Digital image of DEG-PPyF1 flexible film (a), and film with a DEG:pyrrole
ratio of 1:2 (b).

Figure 6.5 shows the SEM images of DEG-PPyF and neat PPyF films. The
cross-sectional image (Figure 6.5d, g) of DEG-PPyF reveals that the film consists of
entangled PPy nanofibres of several tens of nanometres in diameter (Figure 6.5a). The
shape of PPyF can be seen more clearly in the surface image (Figure 6.5f, i). In DEGPPyF film, PPyF was found to be sandwiched between nanometre-thick DEG sheets due
to the interaction between PPy and graphene aromatic basal planes. Bound and
entangled by PPy fibres, the DEG-PPyF composite film becomes free-standing and
flexible. The ~20 μm thick PPyF film exhibits a conductivity of 0.9 S cm -1. An
increased conductivity of 3.5 S cm-1 was presented by DEG-PPyF1 film with similar
thickness.
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Figure 6.5 Cross–sectional view of PPyF film (a, b), DEG-PPyF1 film (d,e), DEGPPyF2 film (g, h) and DEG film (j, k, on filter membrane); and surface morphology of
PPyF film (c), DEG-PPyF1 film (f) and DEG-PPyF2 film (i)

The structural information of PPy, DEG, DEG-PPyF1 and DEG-PPyF2 films
was studied by Raman spectroscopy (Figure 6.6a-e). Two characteristic peaks appear at
1345 cm-1 and 1539 cm-1 for PPyF film, which arises from the π-conjugated planar
structure and ring stretching of polyrrole backbone, respectively [30]. Tiny peaks near
940 and 975 cm-1 can be assigned to the quinoid polaronic and bipolaronic structure
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[14]. As described previously, there are three main peaks in DEG: D peak at 1333 cm-1,
G peak at 1581 cm-1 and 2D peak near 2700 cm-1. In DEG-PPyF hybrid films, the
evolution of these peaks was clearly observed due to the interactions between DEG and
PPyF. The D band and G band were overlapped with two dominant peaks of PPyF, and
became broader. The 2D peak became weaker with the decreased DEG ratio.
Figure 6.6f shows the TGA curves of DEG, PPyF and DEG-PPyF films. The
weight loss of ~3% between 150-200°C for DEG may be ascribed to the pyrolysis of
residual oxygen-containing groups. It can hardly be observed in the DEG-PPyF films
because of the relatively low DEG content. The weight loss at 200-300 °C (~10.5%) for
PPyF containing films is caused by the decomposition of CTAB [31]. The
decomposition of PPy polymer chain, starts at around 300 °C [32]. The total weight loss
in the whole temperature range (0-600 °C) for DEG, DEG-PPyF1, DEG-PPyF2 and
PPyF is 10%, 35%, 44% and 56 % respectively.
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Figure 6.6 Raman spectra of PPyF (a), DEG (b), DEG-PPyF1 (c), DEG-PPyF2 (d) and
2D peak of DEG, DEG-PPyF1 and DEG-PPyF2 (e). TGA curves of PPyF, DEG, DEGPPyF1 and DEG-PPyF2 film (f). (a, c, d inset: raman spectra between 500-1200 cm-1).

6.3.3 Electrochemical performance of DEG-PPyF film
To study the capacitive performance, the film electrodes were assembled into
Swagelok®-type cells using 1 M Li2SO4 electrolyte. Figure 6.7 shows the CV curves of
PPyF, DEG, DEG-PPyF1 and DEG-PPyF2 films based supercapacitors. The CV curves
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of PPyF film show a quasi-rectangular shape at a low scan rate of 20 mV s-1. It became
distorted with the increasing scan rate. At a scan rate of 400 mV s-1, highly distorted
leaf-shaped CV was presented indicating the limited ionic and electronic transport in
bulk PPyF film. Due to the high conductivity and electrical double layer (EDL)
capacitance feature, neat DEG film electrode can maintain the rectangular-shaped CV
curves at such high scan rate (400 mV s-1), but gives very low current response. With
incorporation of DEG, the capacitive performance of DEG-PPyF composite film at high
scan rate was significantly improved. The DEG-PPyF1 film can maintain a nearrectangular curve at 400 mV s-1. For DEG-PPyF2 which has lower DEG ratio, a
distorted CV shape was presented at the same scan rate. It can be found that the rate
performance was improved with the increasing DEG ratio. In addition to the excellent
rate performance, the DEG-PPyF1still retained considerable high current response
compared with DEG-PPyF2 and PPyF film. The specific capacitance at 20 mV s-1 was
170, 21, 120, 148 F g-1 for PPyF, DEG, DEG-PPyF1, DEG-PPyF2 film, respectively.
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Figure 6.7 CV curves of PPyF (a), DEG (b), DEG-PPyF1 (c) and DEG-PPyF2 (d) film
electrodes in 1 M Li2SO4.

The charge/discharge tests were also investigated at different current densities,
and the results are shown in Figure 6.8. Both PPyF and DEG-PPyF film electrodes
displayed triangular or near triangular shaped curves at relatively low current density,
suggesting their good capacitive performance. Due to the adsorbed surfactant and
multilayered-graphene impurities during liquid exfoliation, DEG shows a very low
capacitance of 20 F g-1 at 1 A g-1, a value close to that for graphene via the graphiteexfoliation route [33]. At the same current density, PPyF film and DEG-PPyF2 film
electrode have similar gravimetric capacitances of 152 F g-1 and 158 F g-1 respectively,
while the DEG-PPyF1 film electrode offered a slightly lower capacitance of 130 F g-1
because of the increased DEG content. Suffering from limited conductivity and
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electrolyte ionic accessibility, the PPy film electrode presents poor rate capability,
showing a decreased capacitance of 120 F g-1 at 4 A g-1, only 80% of the value obtained
at 1 A g-1. Meanwhile, the DEG film presents a capacitance of 20 F g-1 at 0.5 A g-1. The
performance of DEG film at higher current densities was not studied due to its low
capacitance, even at low current density. The introduction of DEG sheets could
effectively increase the conductivity and facilitate ion transport, thus render the
composite electrodes DEG-PPyF1 and DEG-PPyF2 with better rate performance. The
DEG-PPyF1 and DEG-PPyF2 films retained 98% and 91% of the initial capacitance (at
1 A g-1) when the current density was increased to 4 A g-1.

Figure 6.8 Charge/discharge curves of PPyF (a), DEG (b), DEG-PPyF1 (c) and DEGPPyF2 film (d) electrode in 1 M Li2SO4
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The rate performance and cycling stability of these film electrodes were
compared from the galvanostatic charge/discharge tests (Figure 6.9a, b). The rate
performance of DEG film was not evaluated due to its very low capacitance. The DEGPPyF1 film with higher DEG content shows the best rate capability among these three
electrodes. When the current density increased from 0.5 to 8 A g-1, the capacitance
retention was 94% (136 to 128 F g-1). It was significantly improved, and much higher
than that 56% (169 to 96 F g-1) for PPyF film under the same condition. For DEGPPyF2 film, the capacitance decreased from 161 at 0.5 A g-1 to 128 F g-1 at 8 A g-1, also
displaying a better capacitance retention (80%) than PPyF film. After 5000 cycles, the
DEG-PPyF1 and DEG-PPyF2 films give a capacitance retention rate of 87 % and 82 %
respectively, demonstrating their improved cycling stability compared with that (73%)
for PPyF. The highly conductive DEG sheets employed resulted in such improved rate
capability and cycle performance.
The Nyquist plots depict the relationship of imaginary and real parts of
impedance at different frequencies ranging between 0.01 and 100 kHz, as shown in
Figure 6.9c. Two types of equivalent circuit model are proposed to fit the Nyquist plots.
For those film electrodes containing PPyF, the equivalent circuit includes three
resistors, two capacitive elements and one Warburg element. The resistance elements
include solution resistance Rs, double layer resistance Rdl, and electron transfer
resistance Rct. Two constant phase elements CPEdl and CPEf represent the double layer
capacitance from the electrode-electrolyte interface, and the faradic pseudocapacitance
from PPy redox reactions, respectively. Warburg element Zw reflects the ion diffusion
process between electrodes. According to the pure electric double-layer capacitance
mechanism, the equivalent circuit for DEG film does not contain the elements of Rct and
CPEf related to the pseudocapacitive redox reaction. The internal resistance, usually
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named equivalent series resistance (ESR), can be calculated from EIS by the intercept of
the semi-circle end with the real impedance axis. The total ESR of DEG and DEGPPyF1 were around ~12 Ω, which was lower than that of DEG-PPyF2 (18 Ω) and PPyF
(27 Ω). The frequency response, which is plotted by the imaginary part of capacitance
(CIm) against frequency, reflects the relative ion-transport rate within the electrode
(Figure 6.9d). In the plot, the reciprocal of peak frequency is defined as relaxation time
constant τ0, which describes the minimum time needed to discharge all the energy in the
device with an efficiency > 50% [34]. A smaller τ0 reflects a better frequency response
of the electrode, indicating better rate performance. The relaxation time constant for
DEG, DEG-PPyF1, DEG-PPyF2 and PPyF film is 12.6 s, 4.0 s 1.2 s and 0.16 s
respectively, which match well with the results of rate capability.
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Figure 6.9 Rate performance (a), cycle stability (b), Nyquist plots (c) and frequency
response (d) of DEG, PPyF and DEG-PPyF film electrodes. (c inset: proposed
equivalent circuit)

6.4

Conclusion
In summary, a flexible free-standing graphene-polypyrrole fibre film was

fabricated using graphene sheets directly exfoliated from worm-like expanded graphite
with the assistance of a surfactant (CTAB). Raman spectrum revealed that such
graphene contained weaker D peak than that of graphene obtained via exfoliated
graphite oxide, indicating its less-defected structure. Following a tandem strategy, the
surfactant after the liquid exfoliation was directly utilized as template for polypyrrole
fibre synthesis without removal. The negative effect of the surfactant (insulator) on the
electrochemical performance was minimized. In DEG-PPyF film, PPyF not only
187

provides large capacitance, but also improves the mechanical properties of the flexible
film by binding and entangling the DEG platelets. On the other hand, the defect-free,
highly conductive DEG can also effectively improve the rate capability of PPyF. The
DEG-PPyF composite film electrode for supercapacitor demonstrated much larger
capacitance than that of pure DEG film, and an improved rate capability compared to
pure PPyF film.
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7 Conclusion and Outlook
This thesis has been dedicated to develop novel flexible graphene electrodes
with high performance, combined with good mechanical strength, for energy storage
devices. Different routes/strategies have been applied to prevent graphene sheets
restacking. Flexible graphene papers with porous structure have been fabricated via
freeze-drying technology, using either graphene solution or graphene wet gel as
precursor. This successfully addresses the restacking problem during the graphene paper
forming process. With the incorporation of polypyrrole, the areal capacitance of
obtained graphene composite paper is greatly enhanced and this moves one big step
forwards towards practical applications. The use of graphene obtained via direct solvent
exfoliation instead of the graphite oxide route, as building block to construct high
performance flexible electrodes, further expands the source of graphene for flexible
electrode fabrication. These results obtained in this thesis would provide useful
information in the development of graphene-based flexible electrodes for flexible
energy storage devices.
The future key challenge to bring laboratory-based electrode materials into
practical applications is to enable large production of these materials while maintaining
their performance. In this study, techniques such as freeze drying, filtration,
electropolymerization are involved to develop high performance graphene based
flexible electrodes. Filtration has been proven to be a facile method to make graphene
paper/film, and freeze drying was a simple, versatile, low-cost fabrication technique to
construct a porous structure. These techniques and strategies allow the easy production
of electrodes with larger thickness and dimensions with appropriate apparatus. Owing to
the ordered nanostructure, the performances of materials with enlarged thickness or
193

dimensions are expected to be maintained. The weight of graphene based flexible
electrodes can also be scaled up from milligram to subgram scale, thus ensuring better
simulation of practical case studies.
Recently, more and more research has been focused on increasing the areal
capacitance to meet the requirements of practical applications. In this thesis, PPy was
deposited on the filtration formed graphene wet gel via electropolymerization,
producing flexible graphene/PPy paper with large areal loading mass. It provided
greatly enhanced areal capacitance with considerable gravimetric capacitance. This
strategy can also be applied to deposit alternative active materials. Other conductive
polymers such as polyaniline and PEDOT can be introduced to fabricate high
performance electrode for flexible supercapacitors. When combined with metal oxides
using similar electrodeposition methods, the resultant graphene composite paper can be
used for flexible batteries. It is suggested that, for an electrode that is practically used,
the areal mass loading should be at least 5 mg cm-2, with a thickness range between 50200 μm. Incorporating appropriate active materials, our flexible graphene composite
electrode is able to reach these standards.
Another trend in current energy storage research is to scale down the device.
Miniaturized energy storage devices are crucial for energy autonomy, to meet the
increasing demand for autonomous electronic systems and wireless technology. Inspired
by the technique of assembling all solid-state supercapacitor applied in this work, we
are able to produce graphene based paper-like battery or supercapacitor. By changing
the preparation condition, it is also possible to develop thinner flexible graphene based
electrodes. The conformable shape enables integration of paper-like energy storage
devices between and around a variety of structures and materials in products ranging
from disposable medical, connected devices and wearable consumer electronics.
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Combining with techniques such as laser patterning, these graphene based ultrathin
films will be promising electrode materials for miniaturized power sources.
Finally, the materials we used to fabricate flexible electrodes—graphene and
PPy—are cytocompatible. They have already been used for biomedical applications
including drug delivery, biosensor, cell culture scaffold, etc. Therefore our graphene
and graphene composite flexible electrodes can be easily designed to meet the
requirements of flexible miniaturized implantable medical devices. In addition, these
electrodes can easily find their application in bio-batteries (coupled with bioresorbable
Mg or Mg alloy electrodes). Our research into flexible graphene paper will enable
further development of flexible power sources for wearable and implantable devices in
the future.

195

